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I, Dr. Charlotte Kensil, Ph.D., do declare and state that: 

1. I presently hold the position of consultant at Autogenics Inc. Antigenic* Inc. is the 
owner of the entire right, title and interest in, to and under the invention described and claimed in 
the above-identified patent application. 

2. I received a Ph.D. from the University of California, San Diego in 1981, My 
academic and technical experience and honors* and a list of my publications, are set forth in my 
curriculum vitae* attached hereto as Appendix 1. 

3 . I am the sole inventor of the invention described and claimed in the above- 
identified U.S. Application No. 09/760*506 C*the '506 application"). I have read and understand 
die 9 306 application* 1 have also read the Office Action dated April 20, 2004, including the 
references cited by the Examiner, I understand that an issue relevant to the rejection under 35 
U.5.C. § 112* first paragraph for lade of enablement b whether any type of Quillaja saponaria 
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saponin, whether in modified or unmodified form, can be used to treat cancer, 1 present this 
declaration to address this issue. 

4. I will discuss why Quillaja saponaria saponins generally, not just QS-21, are 
expected to be useful to treat any type of cancer. In particular, QuUh^ saponaria s^pemm 
share a common structure that gives rise to the common innate immunity function, and thus 
would be expected to function in the same maimer with respect to increasing innate immunity 
and treating cancer. For example, Q5-7* QS-17, QS-18, and QS-21 arc saponins that arc derived 
from Quiltqja saponaria. All are structurally very similar. Kensil et al. (1993, "Novel 
Adjuvants from Quillaja saponaria Molina'* in AIDS Research Reviews Volume 3 edited by 
Kofiet et al. New York; attached hereto as Exhibit 1 , "Kensil r) shows the structures of QSU7, 
QS-18, and QS-21 in Figure 2, derived from comparison of monosaccharide composition and 
molecular weight Kensil etal (1998. Dev Biol Stand 92: 41-47. attached hereto as Exhibit 2. 
"Kensil IT) shows the structures erf QS-7 and QS-21 in Figure 1. Compared to the large portion 
of the structure that is identical, any differences between QS-7, QS-17, QS-18, and QS-21 are 
minor. 

5. All Quillaja saponaria saponins whose structure is known to me share two 
structural features - a triterpene backbone and a 2,3 y glucuronic acid cartooxyl group {see the 
paragraph spanning pages 1403 and 1404 of Soltysik et al. f 1995, Vaccine 13:1404-10, attached 
hereto as Exhibit 3, "Soltysik")* Modification of die triterpene aldehyde of the backbone 
inactivated die ability of QS-21 to stimulate immune response as manifested by antibody 
production and cytotoxic T lymphocyte activity (page 1408, second column, first full paragraph 
of Soltysik (Exhibit 3». 

fi. Furthermore, evidence demonstrates that all Quillpja saponaria saponins (even 
those additional to QS -17, -18, and -21) have very similar structures. Mild alkaline hydrolysis 
of a crude extract of quiUuju bark cmilaiiuug Quilluju suponurUi saponin* generates only two 
major structures: desacylsaponin -1 and -2 (DS-1 and DS-2) (see Higuchi et of, 1987, 
Phytochemistry 26:229-235, attached hereto as Exhibit 4, "Higuchi"). DS-1 was shown to 
contain glucuronic acid, galactose, xylose, fucose, rhanmose, apiose, and quillaic acid, whereas 
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DS-2 contained these same components plus glucose (see Higuchi). Thus, DS-1 and DS-2 have 
very similar structures, differing only in whether or not glucose is present 

7. Unlike (he majority of saponins hoax species other than Quittaja saportaria, all 
Quillaja saponaria saponins are acylated. QS-17, QS-18 and QS-21 are acylated at identical 
positions and removal of this acyl group decreases immune adjuvant activity as reflected hy total 
IgG response as compared to acylated counterparts (see page 2$08 v paragraph spanning die first 
and second columns of Liu et a/., 2002, Vaccine 20:2808-15, attached htxciu as Exhibit 5, "Liu 4 * 
(Liu shows that deacylated Q$-2l was inactive in inducing IgG2a and cytotoxic T lymphocyte 
(CTL) responses); and Kensil et al~> Vaccines 92, Cold Spring Harbor Laboratory Press pp. 35- 
40 (1992), attached hereto as Exhibit 6, "Kensil HF)- Thus, there are specific structural 
components (of QS saponins) that influence immune adjuvant activity. 

8. With respect to common function, a characteristic shared in common by saponins 
QS-7, QS-17, QS-18, and QS-21 in regard to enhancement of adaptive immunity is their ability 
to stimulate IgG2a responses in mice (see Kensil et al. t 1991* J Immunol 146: 43 1-437, attached 
hereto as Exhibit 7, "Kensil 1ST). Although more similar structurally than different, QS-7 and 
QS-21 represent two extremes within the class of Quillaja saponaria saponins, e.g» QS-7 has a 
short acyl chain whereas QS-2 1 has a long acyl chain; QS-7 is more heavily glycosylated than 
QS-21. Despite these slight structural differences, QS-7 and QS-21 both stimulate innate 
immune responses, for example, by enhancing natural killer cell lytic activity (see the 
specification of the above-identified patent application at page 7 and Figure 3) although to 
different levels dependent upon dose. Activated natural killer cells also produce the cytokine 
interferon gamma (see Abbas et ai.* in Cellular and Molecul ** Tmmntiftlftfly- WD Saunders 
Company, Philadelphia, PA* 1997, p. 269, first full paragraph, attached hereto as Exhibit 8). 
Snapper and Paul show that interferon gamma stimulates the expression of IgG2a and inhibits 
the production of isotypes such as IgGl in mice (see Snapper et a/«, 1987, Science 236: 944-947, 
abstract, attached hereto as Exhibit 9). Hence, a characteristic effect on adaptive immunity 
(enhanced TgG2a response) seen within the cla** of saponins encompassed by QS-7, QS-17, QS- 
18, and QS-2 1 was also seen for QS-7 and QS-21 for the activation of a cell type (natural killer 
cells) (hat produce the cytokine (interferon gamma) that mediates that characteristic adaptive 
immunity effect Hence, the ability of QS-17 and QS-18 to induce an IgG2a response also 
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indicates that these saponins influence die activation of natural killer cells resulting in induction 
of interferon gamma by the innate immune system. 

9. Because of the structural similarity of the Quillaja saponaria saponins and the 
conrfatk» of structure with function, I conclude that usefulness in increasing innate immunity 
and treating cancer is reasonably expected to be a general property of the genus of Quillqja 
saponaria saponins. 

10. As support for the Examiner's contention that it is unpredictable whether any 
QuiUaja saponaria saponin, modified or unmodified, can treat cancer, the Examiner cites Rao 
and Sung, 1995, / Nutr. 125:717$-724S ("Rao") as teaching that the different structures of 
saponins affect their biological activity. 

11. While Rao doca indicate that the structure of saponin can affect its biological 
activity, the Examiner's statement disregards the teachings of Kensil IV. Firstly, Figure 3 of 
Kensil IV showed that all four QuiUaja saponaria saponins, Le.> QS-7, -17, -18, and -21, induced 
similar antibody (IgG) titers (with overlapping error bars) in mice. Secondly, Table 1 of Kensil 
HI demonstrated that all four Quillaja saponaria saponins, Le. t QS-7, -17, -18, and -21* induced 
lgG2a titers, at levels higher than other adjuvants used. It is not common for adjuvants to induce 
IgG2a responses. Therefore, the ability of four structurally related Quillaja saponaria saponins 
to induce an IgG2a response is further proof of the similarities in their immune adjuvant activity. 
Moreover, as discussed above, the ability of four structurally related Quillaja saponaria saponins 
to induce an IgG2a response is also indicative of their ability to increase the innate immune 
response. The fact that QS-7, -17, -18, and -21 have different structures and may induce 
antibody responses with small quantitative differences is irrelevant to the issue at hand. Firstly, 
the Examiner's statement ignores the fact that those QuiUaja saponaria saponin* have a common 
structure that gives rise to their common innate immunity activity (see fl 4-9, hereinabove). 
Secondly, while small quantitative differences in their immunologic activities may exist, all 
QuiUaja saponaria saponins are expected to have qualitatively similar immunostimulatory 
activity, and thus are reasonably predicted to be effective in treating cancer. The point is that 
there are specific structural components, such as a triterpene backbone, a 2,3 > glucuronic acid 
carboxyl group, and an acy 1 group at certain positions, shared by the QuiUaja saponaria 
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saponins, that are required for or influence their immunologic activity. The minor structural 
differences in the Qmlkya saponoria saponins do not qualitatively affect the immunologic 
activity of these compounds. 

1 2. Moreover, the teachings of the prior ait provide guidance in terms of what kinds 
of modifications can be made to Quitlqfa saponoria saponins without adversely affecting their 
immunologic activity, including the ablilhy to induce IgG2a. Soltysik teaches that derivatives of 
QS-21 containing a modification of n carfaoxyl group on glucuronic acid Induced antibody diets 
at levels similar to QS-21. Moreover, IgG2a levels increased according to the same dose 
response curves as for total IgG. See Soltysik, abstract and page 1407 (Exhibit 3)* thus, the 
prior art teaches modified QuiUqja saponoria saponins having similar imtwtnftingi^ activity to 
unmodified Quillaja saponaria saponins. These types of modified Quillaja saponoria saponins 
would be predicted to be effective in treating cancer. 

13, I hereby declare further that all statements made in this Declaration of my own 
knowledge are true and that all statements made on information and belief are believed to be true 
and further that these statements ore mode with the knowledge that willful false statements and 
the like so made are punishable by fine or iraprisoimieni, or both, under Section 1001 of Title 18 
of the United States Code and that such willful false statements may jeopardize the validity of 
the application or any patent issuing thereon. 


Dated: 




Charlotte Kensil, PhD. 
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Novel Adjuvants from Quillaja 
saponaria Molina 

CHARLOTTE READ KENS1L. MARX L NEWMAN, 
RICHARD T. COUGHUN, and DANTE L MARC1ANI 

Cambridge Biotech Corporation, 
Worcester, Massachusetts 


INTRODUCTION 

Modulation of immune responses to HIV-I vaccines, particularly subunit vaccines, 
may require the development of new adjuvants. One such adjuvant can be found m a 
unique group of compounds, the plant saponins. In particular, certain saponins from 
Qutftojc saponaria Molina are potent stimulators of immune responses. The biological 
activities of crude and partially purified extracts from Quillaja sapenaria have been 
described in numerous published reports. Unfortunately, due to lack of purification, it 
was not dear which components of the extracts were responsible for these biological 
activities. We have purified the major adjuvant active components from Q. Mapanaria, 
allowing concurrent structure and function characterization. In this chapter, we review 
the imnwnolcgical and structural characterization of this important new adjuvant dasi, 
with particular focus on QS-2 1 , the best characterized of the Q. saponaria adjuvants. 
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Qatftaja Mponarin Molina is a specie* of tree indigenous to South America. The 
baric of this tree is rick in trkerpene glycoside sapouns, repremitms «p to 1 0% of the 
weight of the bark. The bark antrarits have numerous industrial uses for which surface 
active agents air needed. As sock, the bark n an export product of several countries, 
such as Ou> Tim extracts of Q. soponra have also been shown tn contain compo- 
nents useful in vaccine appfceaiien*. 

p^tr**-** of the bark of Qptibga sapomria were first shown tn enhance die pro- 
tective effect of a foat-aAdniiQtfk-dbease vaccine in caoie (I). However, these crude 
saponin extracts consisted predonanently of tannins in addition to die saponin fraction. 
In 1974, Dabgaard (2) isolated the saponin fraction away from the co n ta m i na t in g tan- 
nms and showed that aH of the adjuvant activity was contained in die saponin fraction. 
He farther purified das fraction fay a combination of gel Station and tan-exchange 
chronw too^phy to produce a fraction that is now known at Qud A. Qui A has been 
utilized extensively as an immunological adjuvant for T dep e n de nt antigens (23). It is 
abo a critical component of nnmnnestimulating compfoees (ISCOMs) (4). 

Qtsl A was shown to be a very heterogeneous mixture (5), consisting of at least 
20 peaks when analyzed by reverse-phase high-performance liquid chromatography 
(HPLC). Attempts to purify these components to homogeneity in aqueous systems 
were ineffective, although partial resolution of adjuvant activity away from irritating 
substances was achieved by gd-fitetaftion chromatography (6). The difficulty m puri- 
fication was due to die de t er g e n t nature of dm saponin fraction; mined mke&e formation 
between the dtffeent saponins and other lipophilic contaminants prevented effective 
separation in aqueous solution. 

We have recently identified die adjuvant active components from Q. suzpomria 
(7). In our study, the total saponin fraction from Q. saponoria was resolved into in- 
dividual, distinct saponins by disruption of die rmceOar interactions in organic solvent 
and subsequent purification by HPLC These purified components were evaluated for 
adjuvant activity m rake using bovine serum albmnm (BSA) as die bnmumgen and 
by measuring increases in antibody titers. The four predominant peaks in the saponin 
fraction were identified as adjuvant active components; these peaks win designated 
QSJ, Q3-17, QS-18, and Q5-21. The purification of these distinct saponins has 
allowed us to initiate studies to characterize the purified saponins both immunologically 
and chemically. 

STIMULATION OF ANTIBODY RESPONSES 

Increases id anbgen-spectftc IgG tilers in mice in response to forflndatiaBS containing 
Q3-2I as adjuvant have been observed with ex antigens BSA (7), cytochrome b, 
(7), and ovaftmoin (OVA) (8). Tne antibody titan induced in nice by two intra- 
dermal t mrnonfflifa o n s wilh 20 |&g of purified saponin wi& eitfeer tne antigen cy- 
tochrome b* (7) or OVA (data net shown) wen found to be comparable to the titers 
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, Swm l^ikbWi CD-I and C57BU6 mice. Two MMb> 

S35f-£^35»A or OVA and vary*cW '^J*? 

£S» <*r a do- range «p to 40 h**»^" N jjS' £ 
1^20 were given to group , of five mice (7-9) The ^^^^Jr^ 
it^Li te be approximately 5 M each of te. ^ ^ 
reached a maximum with purified saponin doses of 5 ug and mgner. 

IgC SUBCLASS SWITCHING . „ 

Adjuvant, are known to regulate IgG .ubcUase. (10). s faetor ^/"^^ 
^Tonent of an adjuvant', potential protective role ag^t - » d ^ '^ 
tionf ivW tgC a eubda«e. fix complement at a mgher evel than IgG, (H^Ad 
ditionally. IgG,. and IgG a bind strongly to Fc receptor a response cnttcal to 
SmhJSU ceOular cyWij (.2). Hence . 

chan* » an£ody £ ^ST^U-^ 

^B5S3 £Z** ind-ce subclass cubing. tn^on ofCD- 1 
mice w^antigen cytochrome b s and QS-7. QS-17. QS-18, or OS-?! broadens 
rantodTresX to include high level, of IgG, and IgG* isotype, c^dto 
i^unization with antigen alone (7). An example of fa uotype n**m* -th.-^ 
dependent antigen. OVA. is shown in Table 1 . OVA-speafk JAJ*y "J 
IgGTaxe significantly increased after three intradermal * C *f\£ 

See with OVA and QS-21 compared to immunization with OVA alow. The IgG 
^ switching ha. also been demonstrated with BSA/QS-2 1 and 
nant FeLV gp70/QS-21 and HIV-I gp160/O>21 vacones (data not jh-jO-J* 
mduction Ac£ suggest, the.pos.ible activarion of Th, cells and sub*q«ent 

Table 1 Influence of QS-21 en Antibody Titer, to T-Dependent Antigen 
. . for mulation' W£j lgC tt 'fGj, 

OVA(25w> 140 ' 52 " £2 . 

OVA(25u*> 9100 2000 2400 

QS-21 (10 *4) 


•C57BL6 «ic (5 p» tn-p) «« in-natal 8l £ £2X^1 
age wilh the indicsied fornniUtia|B. Ser« w«re eofieded 2 «wks ifter the last unnwa- 
xitkn were uulyted far utuTxxly to wnflwmin by OA. 
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production of the cytokine interferon-Y as part of the cascade induced by the saponin 
tdpvanta; tins cascade ha* been proposed fay Karagoum et ai. ( 10), who also noted a 
of IgG^ production in response Id ummmkarioo with crude saponin. 


LACK OF INDUCTION OF IgE 

Some crude saponin preparations ham induced allergic responses mtdiatrd by the pro- 
duction of IgE (13). However, the purified saprains Q3*7, -17. -18, and -21 did not 
induce IgE with the antigen cytochrome b 5 (7), nggrtfmg that a aonsapenin cdmpo- 
nent(s) of the crude preparations was responsible for stimulation of IgE titers. The low 
levels of IgE me asu re d experimentally are consistent with the high lewis of IgG^ elic- 
ited by these purified saponin adjuvants. Typically, induction of IL-4 [drawn to be 
correlated with production of IgE anybody in nke (14)] is inversely correlated with 
induction of interferon-^ which is associated with die production of feC^ (15). 

INDUCTION OF IMMUNOLOGICAL MEMORY 

Abo critical to protective immune response is die induction of immunological memory. 
Not ay adjuvants invoke memory responses. Studies with recombinant HIV- 1 glyco- 
proteins in BALB/c mice indicate that die saponin QS-21 is effective in inducing an- 
amnestic responses. BALB/c nuce immunized twice with !0-|*g doses of recombinant 
HIV- 1 o>160/alumtnufn hydnnride/lO pg of QS-21 r e sp o nde d widi significant in- 
creases in antibody titers 1 weds after challenge with inactivated HIV- 1 MB, 
whereas mice immunized with die same formulation without QS-21 did not respond 
(16), The kinetics of the rapid titer increase are consistent with a memory response. 
Memory responses were also obser v ed to an FeLV vaccine containing recombinant 
FeLV gp70, aluminum hydrosade, and Q3»2t . Specific pathogen-free cab immunized 
twice with this vaccine developed a rapid neutralizing response in ic sponse to intraperi- 
toneal challenge with infectious FeLV (17). 


QS-21 AS ADJUVANT FOR INDEPENDENT ANTIGENS 

Flebbe and Braiey-MuBen (3) demonstrated that Qufl-A is an effective adjuvant for 
a hapten coupled to die T-independent antigens FicoH, lipopolyiaccbaHde (LPS), and 
BntceSa aberhu. Because of the h etero g enei ty of Quil A, it was not dear which com- 
pernors) was responsible for this activity. At least one purified saponm, QS-21 , has 
been shewn to ssptifica&tly augment antibody response to the T-indapendnt antigen 
£. cofi 055:B5 polysaccharide (O-PS) (18), prepared by acid lvdrafyiit of pbem*- 
extracted LPS. Una response was not due to residual native LPS activity, because 
similar resulta were observed in the LPS nooresponder mouse strain C3WHtj. The 
antibody response* raised to native LPS after two intradermal immunizations with 
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O-PS (tOO M ) «5.000 
O-PS (100 pi) 62.000 

QS-21 (13 ik) . 

«H/Hel mice (19 per group) Kim«i*d UundormJly »t 8 »«i 10 «J» ^ M« . 

wot »n*lyied far mnbody to out™ £ «fi Spopolywcelundr b» fcJA. 

O-PS and 15 M of QS-21 are de*ribed in Table 2. Signify in«^bLPS- 
specific IgG,. IsC^. and IgG* were observed when compared to O-PS alone. 

EFFECT ON CELL-MEt)IATED IMMUNE RESPONSES 

One unique and important immune, modulation property of the QS-21 adjuvant U to 
StT* induce anSen- S pedfic. cU I major hi.tc^t.b^ co^ ^HQ 
anSi-re-ricted. CDo + eytctoxfc T lymphocyte, (CTL.) vrfy* »ed £ nnddh- 
uni^ne formulation,. Th» property was invest^ated usm, ^uUe 
adwrbed onto aluminum hydroxide a, inununogen. (8). Cj7Bbfi • mice ftatwere 
"^ized with soluble native ,or denatured OVA in I FormuUnon. £ * — 

quantities of QS-21 raised CTL responses mat were specific 
nodomfnan. epitope of OVA (OVA^*). Sunilar responses werej ^ 
Xninum hydroxide-adsorbed OVA when mixed with the QS-21 **r^b-tnot 
when the aluminum hydroxide-adsorbed OVA was taed alone (F^re 1 VTT»e CTL 
IctWity was totally destroyed by treatment in vitro with monoclonal anubody speofk 
to the CD8 antigen plus complement. 

Compart tLting of experimental HIV-I vacdnj, 
hydroxide-adsorbed recombinant HIV-I gp 60 pro*n andjo ^}f^J* 
formulation, containing only the aluminum hydroxide-adsorbed gpl60 has beenco* 
duld uring BALB/c mice and rhesus macaques. Cell-mediated immune respond 
. weTbcreW^miUrly, and this included the recognition of adit-nal W-O- 
I MHC ahngen-mtrioted CTL. that were specific for the V3 loop were .Uo raued 
but again, only if the QS-21 adjuvant was part of the fbrmuUtion. Testing uimg 
^^aques ha, demonstrated that the QS-21 U functionally acUve and aafe far 
use in primates (20). 

STRUCTURE OF QUILLAJA SAPONINS 

A full understanding of the mechanism of action of these purified saponin "*T*""™ 
understanding of their structures. Studies on alkaline hydrolysis products uoUted from 
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Figure 1 CTL actmty measured wai« EL4 cdk eqx««ine OVA aa target cell. [E.G7- 
OVA cells (19)] and •ptenk mooanaetear cefli obtained from CS76U& nice faBfrrfing three 
iaumitutiam whb n*W* salable OVA (o). denatured soluble OVA (A), or OVA aefcoAed 
to atom O «»! die ««* formulations modi wi& 29 fift/dme of QS-21 {shown a* solid sym- 
bols). Matarahaa of pKconor CTL to ftmctianal effector cdls in ritr© was effected using ir- 
rmdiaiedE.G7-OVAoell«(8X Responses are tbown a "perwat ipeciftc lysis" using a titration 
of eftector to tons* (£T ratio). 


cxndk extracts of Q. iapenaria showed dial the predominant components were quiUaic 
add 3,2cVO-tisfrj'coside9 (21.22). An intact saponin, designated QS-III, was iso- 
lated and farrmmM to lie a quBak add 3,28-O-bis^ycoside with a fatty acid in 
ester bnkafje to die 3 pos&OQ el fucose [Knked to of the triterper* (23)]. Deter- 
minabon of the Bwrwwrrharide confront of QS-7, -17, -18, and -21 (7,9) mdi- 
caled that these purified saponin a4jw* H *». were ckaehj structurally related to each 
ether and to QS-HI. Fast atom bombatdn»Hi-ina*s spectroscopy radicated that the 
noteoiiar woghto of QS-17, QS- 18, and QS-21 were 2321, 2174. and 2012, re- 
spectivelj, witih the differences ia molecular weight corresponding ts an additional glu- 
ease in QS-lfi com p ar ed to QS-21 and an additional rbamnese in QS-17 compared 
to QS-18. Figure 2 shows the proposed straemrea of QS-17, QS-18, and QS-21, 
derived from comparison of our raonosaccharida co m posi ti on and molecular weight 
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da« for these purified saponin, with +m of the clo«ly «^T^«nkl^ 
£?M and dunked by Higuchi. The M» of W 
jjough monosaccharide analysis indicate, that it, glvco«de compo«Uon » retard to 
that of the other major saponin adjuvants- important for 

immune response. Deletion of the tatty s»d from after V *T^ stoeowde 

reduced tfTZdation of antibody titer by *e «nbng ™^Z*23aEm 
Spared to the intact saponin, [evaluated in CD- I mice with the <^U£mL 
Sdate oxidation of QS-18 (containing two perk^«««t,ve ~ 
L,. gaUcto- and aoi~> defrayed the » J* 

body titers to BSA. indicating that one or both of these residue, are an 
XTLdviry of this saponin (9). Studies are under way to ^ 
ZTthe saponin adjuvant,. It is possible that separate «Js ^ on « 
r^onAle forte antibody station and the CTL-.tfflndat»n *ctm«,. 

FORMULATIONS 

The vaccine formulation, of QS-21 and other purified 

described in thb review were soluble aqueous preparation. ^ "*L£ 
^re of saline solution, of purified saponin and antigen and were not prepared a, 
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or ISCQM*. Tbe saponins wctt shown to be effective as adjuvants at con- 

are below Ike estimated critical medlar coocenfratiw (apprcminaldy 

100 f^/ml far QS-21 in H*»»^ Uiffuid sa&ne pH 7.2), indicating that die mi* 
cellar structure of tbe saponins is not critical to tbe adjutant repose. 

We have also demonstrated dat QS-21 can be successfully nriaed into vaccine 
formulations that are already acfevantcd widi afcmuman hyebuaid*. Q&2\ (at a dose 
of 10 Jig) boosted total IgG titers by • ***** W-foH w *»* te TeconAtnant 
FeLV fp70 antigen absorbed with akmnaim bydraride (24) alter a single intradermal 
immuBuation. laotype switching from predorinasitly IflC, with afaminura hydroxide 
alone to I*C W IgGn* and EgG^ m the QS2l/sJnminum bydrouide formulation was 
also observed with thU antigen (25). Tins effect has aba been observed with afauaaram 
hjAuttde-absorbed reeombmeat HIV envelope antigen (16), with total antigen- 
specifk IgG titer increases of 25- 125-fold in EALB/c mice after two immunisations 
with recombinant HIV- 1 ffl>t60 absorbed to ah&miram hydrpmde mid 10 jig QS-21 
compared to immonizatiQa with die alummnm hydnaride— absorbed protein only. 
Hence, tbe saponins may be utilized successfully in fu&y soluble vaccine formuJatiotts as 
weB as in formulations adjuvaated widi a soGd-ntatm adjuvant sudi as aluminum 
hydroxide. 

We have previously suggested diat a dose association between the saponin ad- 
jutant and the antigen is important for optimal immune response (7)* Such association 
. may occur dtrough hydrophobic interaction between tbe amphipeduc adjuvant and hy- 
diuphobi c crevices oo die proton antigen. A&oogh we have seen dear adjuvant ef- 
fects with antigens that do not bind QS-21, tbe adjuvant effect is higher when the 
antigen is denatured, allowing an increased binding of QS»2t (data not shown). 
Hence, we expect that a forced association of antigen and adjuvant through covalent 
linkage may improve immune response to small, hydrop hi Uc proteins or peptides that 
ordinarily do not bind Q3-2 1 . 

Simitar approaches to vaccine formulation have been utilized successfully with 
die adjuvant m u r amy l (peptide (MDP) (26,27). To investigate dus type of formu- 
lation with tbe purified saponin adjuvants, we csnratendy coupled QS-21 to hen-egg 
lysozyme (?). This conjugation was carried out using carbodnmide chemistry to di- 
rectly couple the QS-21 ghicuromc acid to protein amino poops. A 1:1 molar con- 
jugate was tested in C57BL/6 mice and compared to die same ratio of unconjugated 
lysozyme and QS-21. No amiboeV response was observed in these mice with die un- 
conjugated {ysosyme, consistent with this being a nonresponder strain to lysozyme. 
However, an antibody response was induced by the 1:1 molar conjugate, StiU higher 
response were induced when additional free QS-21 was added to the conjugate, sug- 
gesting dwt the conjugated QS-21 provided a buufing site for additional QS-21 to 
bind to lysofyme, further enkming die antibody stimulation. Hence, although with 
most antigen the purified saponin a^uvaots will boost immnne responses in unconju- 
gated forms, vacate formutadons containing conjugated antigen and adjuvant show 
i for boosting Tesponse to antigens that are otherwise not wefl-acgtivanled by the 
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saponins. We arc currently testing inwuae responses to conjugates prepared from pep- 
tides and QS-21 to determine whether such formulations will be useful m vacanes 
against HIV-I. 

TOXICITY Of DIFFERENT PURIFIED SAPONINS 

One of the drawbacks of utilizing crude or partially purified saponins as an aejptvant 
it the toxicity associated with these preparations, which has been noted by »everalu»- 
mriemtsrs (3.5). However, in a test of HPLC-purified saponins, it w "»«» 
the adjuvant active saponins covered a wide range of toxicity (assessed by Waauty 
in mice); the saponin QS-18 was considerably more toxic than the original bark ex- 
tract and the saponins QS-7 and QS-21 were considerably less tone CTlr No 
Ution was made between adjuvant activity and toxicity because both toxic and nontoxic 
saponins were adjuvant-active in a similar dose range in mice. In addition, no cor- 
relation was made between the hemolytic activity of the saponins and toxicity in 

mice (7). • .. 

It is important to note that the saponin QS-18, which is the most tome compo- 
nent in mice, is the predominant saponin in all samples of Q. u^onaria bark and com- 
mercial saponin samples that we have analyzed, suggesting that it may l* responsible 
for much of . the ternary in mice that has been noted with these samples. Our approach- 
to the use of saponins as adjuvants «» vaccines is to use homogeneous laponul compo- 
nents with well-defined adjuvant potency and toxicity rather than partially pu^ed ex- 
tracts that may vary in proportions of toxic and adjuvant-active components. The ideal 
adjuvant candidate would be a saponin that is more potent as an adjuvant than the 
original extract hut considerably less toxic. QS-21 shows considerable potential is such 
an adjuvant. Tests of QS-21 doses of 50 ug administered to rabbits by the intmmua- 
cular route showed that there was no observable effect on clinical hematology and se- 
rum chemistry data or on gross and microscopic pathology, after administration of four 
doses over a 2-week period (data not shown). Reld tests of a commercial FeLV vac- 
cine containing QS-21 as adjuvant showed that this vaccine was safe for use in cats 
(17); in addition, an experimental HIV-I vaccine containing 50 jig QS-21 was used- 
safely in primates (20). 


SUMMARY 

Individual saponins from QmUaga utponaria can be purified to homogeneity, allowing 
an immunological and structural characterization of the predominant adjuvant compo- 
nents from this ipecies. One of these saponins. Q5-2I . has been tested extensively as 
an adjuvant in mice. It shows potent activity for stimalation of antigen-specific anti- 
body titers to T-dependent antigens, inducing significant increases in IgGj, and IfC^ 
as well as in IgG,. augments class I MHC-restricted CTLs to subunit vaccines 
and. surprisingly, augments an increase in antibody titer to T-independent antigens. 


femrJetaJ. 


388 


-ru. «-i----^~^WwJrid»QS2I evokei toe napowe* a tfffl unclear. Fwtre 
QS-21 moleaie required far the adjuvant i 


Mn7<B*«nna Ants) 1951: 13J»S-270. 
7 n^und K. Smaok ad5avar*. M- IsdnhoB of ■ wl»»M« from <*W 

VnMn W74; 4*243-254. , , ,. _ Q . 

3. Fkbb. LM, feAy-MJfai H. y^m^^ jS^ <*** «^ ^Pjnd 
Q&A. I. A«*bodyre*»»toT-A*«A»* anrfT^ndei«*«»i «U«h«. Cdl Iminu- 
od 1986; 99:119-127. , 

4 Mntdo B. Sondcjmat S, Hanjond S, DaJagnaxd K, Owerhana A- ISCOM. ■ 
atracBune far antigenic prcatoEatam of iiwAw« fi« «^^ei 

1984; 308:457-460. M , ^ .. 

5 KBtf«CFA.T«rfi*T, DerfaJHCM. V«fcU* AJ. v« Wad TU Cnmmdw 
D|A. Beuvery EC. beorporrtMn of lb« major oater iwsiAraaep«to«f AfeiMerfa gm- 
aHbeae m aaBanhvfepid oanaplew (Iacwm): cbtmical awdytk. « stroctnrd featnyta, 

||B | umi u m Trf tkiir ir- iiin iii ir r"»Y *"* anriaen aativerv ayatema. Infect 

human 1988; 5fc432-436. 

6. Strtbbe R, Ckarlwr G, van Aer« A. Debec* J. Laura J. Studi« about tiie adjuvant 
Mayfly flf fTp"»«if» frr-^H- fe«*-«a<i-«MiA tfacue vaccine. 11. Irritation and adjuvant 
activity of aaponin fraction* obtained fay cWurtngraphy on Senkade* G-1G0. Arch 
Exper Vet Med 1974; 28:399-392. 

7. Kens3 CR. Patd U. Latnck M. Moieiaw D. Separation and characterization of «- 
paaiBs win* adjuvant *ctmty from QriM aopenarffl Moiha cortex- J Immunol 1991 ; 
14*431-437. _ 

8. Newman MJ. JY. Gardner BH. Monroe KJ. Leombnam D. Racdiia J, Kenad 
CR. r -™ ri*- RT. Saponin adjuvant induction of ovalbumin apndfic CD8+ cytotoxic 
T^nkok rcapm j Immunol 1992; I4&2357-2362. 

9. Komi CR. Sokyaik S, Paid U. Marriant Dj. Stnicton^uoction refaaWnp in adju- 
st, from Qj&qja tapamria KMma. Ia: Caanadt RM, Ginaberg HS, Brawn F. 
Lena RA, eda. Vaadnea 92. Cold Spring Harbor, NY: Cold Spring Harbor Lab- 
oratory Praaa, 1992-35-40. 

10. Karagouni EE, 1 la dj ii ie«u M 4CoMOMna«M L- Regulation of botypc inmawdabulin pro- 
dkcaan by adjuvant* hi vivo. Scaad J taannol 1990; 31:745-754. 

11. KkmGGB, Ptpya MB, Ktajnna K. Aar oa aa BA. Activation of mw caropfaaneat 
bv dSerent ckaan of mouac aatnody. InnnnholDBy 1979; 3cV667-695. 

12. CUdios B. CytaktM it«ukBan of nanoral immune reapstoca. b: Sprigna DR. Kaff 
TC, eda. Topka in Vaccina Adjuvant Rfsanreh. Boca Raton, FL, 199125-37. 

13. Afiaoo AC Byus NE. An adjovaot ionnolBaBB &at telecaVdy eSats die fanmation of 
aniinodm of pMscam an»9P^ 

95:157-168. 


/ 


QufStji apotwi* Mofini 


189 


14. 


IS. 
16. 


CefmianRLOoaraJ, Bond MW, Cany J, Zlotnik A, Paul WE.^ B call ttsmdatory 

of upopcjysaccharide-actrra^ B crik. J Immael 


fetor-l ofences the 
1986; 136*538-454 


Supper CM. Paul UH. Inb*W-gamma and B cell stimulatory f«=tor-l reopocally 
regulate I* twtype production. Science 1987; 236:944-947. 

Murphy CI. Seek JR, Kesri CR. Recdua J. Bd^ GA. New- 
Saponin adjuvant fnh a f g * tg, *" t of anrimawpecific i 


Wo JY. Gardner BH, 
nan GW* Newman MJ 


to an experun atal HIV- 1 


17. Clark N. Kushner Nt J.' Barrett CB. Kami CR. Salsbury D. Efficacy end safety RtU 
triaU of a recombtnaai ON A vaccine against feline leukemia virtu infection. J Am Vet 
Med Assoc 1991; 19M433-I443. 

18. White AC QotttiQT l\ Coughlin RX 1991. A purified aaponin acts as an djuvant for 
a T-ifidepeooent antigen. In: Ataasi MZ. etL Immunobiology of Proteini artd Pepddet 
VL New York: Ren an. 1991:207-210. 

19. Moora MW. Carbons FR. Bevan MJ. Introduction of soluble proton into the data I 
pathway of antigen processing and presentation. CeH 1986; 54:777-783. 

20. Newman MJ.WuJY.Cougrfo^ 
Immanogenidty and fa ixteity testing of an experimental HIV- 1 vaccine in noniramen- pri- 
mates. AIDS Res Hum Retrovir 1992: 8:1413-1418. 

Y. Fupoka X Komori X Kawasaki X Oakenful DC Structure 
of desai^ftsaponins obtained from the bark of Quiiaja sapotuiria. Pfcytodiemistry 1967; 
26-229-235. 

Higuchi R. Komori T. Structure of compounds derived from the ecyl moieties of Quil- 
tajasaponm. Phytodu misery 1987; 26:2357-2360. 

Higuchi R. Tokimitsu Y. Komori T. An acytated triterpenoid saponin from Qtrf/Zqfd so- 
ponoria. Pbytbchemuxy 1988; 27:1165-1168. 

Marciani DJ, Kensil CR. Beltz GA. Hung C. Cronier J. Aubert A. Ceneticalry- 


22. 


23. 


24. 


25. 


26. 


27. 


cats. Vaccine 1991 ; 
Kensil CR. Barrett t 


Amon R. Sela M. 
synthetic antigen 
77:6769-6772. 
CarelG C. Atidzbert 


J Immunol 1991; 148:1519-1523. 


engineered nib unit vaccine against 'feline leukaemia virus: protective immune response in 
>:89-96. 

Kushner N. Beltz C. Storey J. Pate! U. Recchia J. Aubert A. 
Marciani DJ. Devekpment of a genetically engineered vaccine agsinst feline leukemia vi- 
rus infection. J Am Vet Med Assoc 1991; 199:1423-1427. 

Parant M. Checfid L Antiviral response ettdted by a completely 
4th built-in adjuvantidty. Proc Nat Acad Sci USA 1980; 


Caiilard J, Chedid L Immunological castration of male 


a totally synthetic vaccine administered in saline. 
79:5392-5395. 


Proc Nat Acad 3d USA 1982: 


Brown F 9 Haaheim LR (eds): Modulation of the Immune Response to Vaccine Antigens. 
Dev Biol Stand. Basel, Karger, 1998, vol 92. pp 41-47 


CR. Kensil, J.-Y. Wu, CA Anderson, DA. Wheeler, V. Amsden 
Aquila Biopharmaceuticals, Inc., Worcester MA, USA 

Keywords: QS-21, QS-7, adjuvant, Quillaja saponaria, saponin, vaccine. 

Abstract: QS-21 and QS-7 are two adjuvant-active saponins that can be obtained in high purity 
from Quillaja saponaria Molina extracts. QS-21 is a highly characterized compound and is known 
to be a potent adjuvant for antibody and CD8* CTL response to subunit antigens. Less is known 
about the activity and structure of the hydrophilic saponin QS-7. Hence, we have carried out a 
detailed structural and immunological characterization. As with QS-21, QS-7 was shown to be a 
3,28-O-bisglycoside quillaic acid, with some differences being a higher degree of glycosylation 
and a considerably shorter fatty acyl unit in QS-7. These differences were correlated to a lower 
lytic activity against sheep red blood cells. Different doses of QS-7 were evaluated for stimulation 
of immune response to the antigen ovalbumin, given three times by subcutaneous route to 
C57BL76 mice. QS-7 doses of 40 \iq or higher were shown to induce a strong CD8* CTL response 
reproducibly against E.G7-OVA targets (similar to that induced by a 5 -10 ^g dose of QS-21). QS- 
7 (at doses above 5 jig) was also shown to stimulate CTL against peptide 18 of HIV-1 )UB gp120 
after three immunizations of Balb/c mice with recombinant gp120 and different doses of QS-7. 
These data suggest that a hydrophilic saponin with low lytic activity can stimulate MHC Class I 
CTL responses although a higher minimum dose may be required for some antigens. 


Introduction 

Aqueous extracts of the bark of the South American tree Quillaja saponaria 
Molina contain a potent immunological activity. These extracts are complex mix- 
tures of tannins, polyphenols, and saponins. The adjuvant activity was shown to be 
associated with the saponin fraction [1]. This fraction consists of many diverse 
acylated bisdesmodic quillaic acid glycosides. Several predominant Q. saponaria 
saponins were HPLC-purified and identified as adjuvants [2J. One of these purified 
saponins, QS-21, has been characterized extensively as an adjuvant because of its 
potent adjuvant activity and low toxicity [3-5]. It is known to stimulate antibody 
and cytotoxic T lymphocyte responses to subunit vaccines in mice. QS-21 is cur- 
rently under evaluation in clinical trials with various vaccine antigens [6, 7]. 

Other saponins from Q. saponaria are known to have adjuvant activity for the 
stimulation of antibody responses. A saponin known as QS-7 is of particular inter- 
est as a potential adjuvant. This saponin is more hydrophilic and less lytic to red 
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blood cells than the other major saponins. It was also shown to have low tonaty, 
with doses of OJ mg being tolerated well by mice. QS-7 was shown to be an adju- 
vant for antibody responses in mice to the antigens bovine serum albumin and beef 
cytochrome b, £]. However, its potential as an adjuvant for cell mediated 
SuSfesponses wis not explored in previous studies. In Uus study wehave ^eval- 
uated the adjuvant effect of QS-7 for induction of cytotoxic T ymphocytes to two 
antigens in mice, ovalbumin (OVA) and recombinant HIV-1 gpl20. 


Materials and Methods 

QS-7 and QS-21 were purified from an aqueous extract of Q. saponariaba* by "versed-p base 
HPLC Q?21 »d QS-7 were shown to be > 98% and > 95% pure, respectively, wher i analyod by 
2»«J I «ht J *WFLC analysis on Vvdac C4 [51. The deacylsaponins were prepared by alkaline 
hy^i/Sffqu^ ^Sof QS--7 or QS-il! followed by HPLC to isolate the dea^atedsa^- 
nuf S ^aVombombardment mass spectroscopy of purified saponins ;~ 
Corp., Westchester. PA. Carbohydrate analysis was earned out by Complex Carbohydrate corp.. 

Ath SS5iation was carried out with the antigen OVA in female C57BU6 mice or with to anti- 

in ^^^^^ 

. v . -n,„ „„,;„__ j n< «,. were 25 ue Adiuvant doses were varied between u to bu ug. au 
immunization. The antigen doses were a jig. «uju»<uu nmtncol Immu- 

vaccines were administered by the subcutaneous route at days 0, 14 and 28 of the protoco . immu 
nScll WalvsSwas carried out on splenocytes obtained between days 42 and 56. CytotoxicTlym- 

viously [2]. 


Results 

Structural analysis 

QS-7 was analysed by fast atom bombardment mass ^ c } x ^ C0 ?l^tTnt^' 
drate linkage analysis (Table 1). QS-7 has a smaller molecular weigh t than QS-21, 
but is more heavier glycosylated. The main differences in the carbohydrate compo- 
skion of QS-7 compared to QS-21 were the presence of a terminal glucose linkage 
TZtp^onotXarn^. linkage at the%osition of fucose, an additional ter- 
minal rhamnose, and the absence of arabinose. Mild alkaline hydrolysis «s known to 
wnverVesterified saponins into deacylsaponins [9]. Hence, we earned out alkal ne 
hvSsis of the purified saponins and isolated the deacylsaponins to compare the 
fattv aS cha n of QS-7 with that of QS-21. The molecular weight of the . deacylsa- 
ool 3 oS 21 is 476 lower and does not have arabinose. consistent with hydrolysis 
£ the fat^aci et*r bond at the 4-hydroxyl of fucose (Fig. 1). In contrast mild 
Se hydrolysis of QS-7 to the deacylsaponin does not remove any monosaccha- 
ride residL and reduces the molecular ^^%*-^g*^^ 
may be acylated with an acetic acid residue. Both QS-7 and QS-21 were further 
h^roWto the identical prosapogenin (data not ^^^^^ 
that is consistent with the data is shown m Figure 1 and is compared to the known 
structure of QS-21 [10]. 
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Table 1: Comparison of QS-7 and QS-21. 



t-Xyi05C T J-Aynws. * 

2,3-glucuronic arid, t-arabinosc 
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One possibly 
structure of 
QS-7 
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J-O-Glu 



QS-21 


[1-0-Fuc 




a4.-Ar» 


et al [10]. 
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Adjuvant activity 

OS-7 was evaluated as an adjuvant for inducing cytotoxic T lymphocytes to sub- 
unit antigens. The antigen ovalbumin (OVA) was choser i as one model because i QS- 
21 is known to induce high CTL responses to OVA 3]. E.G7-OVA cells, which are 
mou^ T lymphomfcells transacted with the OVA gene [111, were used as 
^et ceUs! Figure 2 shows that splenocytes from C57BL/6 mice immunized three 
times with OVA and QS-7 have a strong antigen-specific cytolytic activity. How- 
ever; a comparatively high dose of QS-7 (40 ug and above) was required to stimu- 
late a CTL response similar to that produced by 5 ug QS-21. 

Aecapa^rV of QS-7 to stimulate the induction of cytotoxic T ^ocyteswas 
also studied in vaccines consisting of a recombinant i glycoprotein^ 
(Via. 3) Balb/c mice were immunized subcutaneously three times with gpl20 and var- 
Sdc^s of Q™7 or QS-21. The CTL response to HIV-1 IIIB gpl20 was measured as a 
Xo^e°mediated lysis of P815 cells coated with P18 peptide, the predominant 
Cfi- epUope in gpl20. to contrast to the high doses of QS-7 required K nnduoe CTL 
with OVA, lowefdoses of QS-7 stimulated significant CTL to gpl20. O^^sotS 
ua or higher induced CTL responses above background. However, the dose depend- 
ence of response was not dear because the 20 ug dose of QS-7 induced lower 
CTL resoo^Than the 10 ug dose of QS-7. This suggests that these doses are below 
the minimum dose required for optimal priming for pl8-specific CTL. 



doses of QS-7 or QS-21: no adjuvant (x), 5 ug QS-7 (•). 40 ug QS-7 
s ,rTns 2WC» Solenocvtes were harvested at day 42. stimulated in vitro for six days with 
C treated IEQtSva cells, and used as effector cells in the CTL assay Lysis was 
SSSiS7SS£S^r release assay on E.G7-OVA cells (EL4 celb transfected with 
OVAW and whS express OVA*,.*, on class I MHC). The background lys,s of EL4 cells 
was subtracted. 
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Fig. 3: Cytotoxic T lymphocyte activity of QS-21 and QS-7 with HTV-1 gpl20. Balb/c mice (5 per 
group) were immunized subcutaneouslv at days 0, 14, and 28 with 25 jig gpl20 and different 
doses of QS-7 or QS-21: no adjuvant (Z), 5 |ig QS-7 (■), 10 *ig QS-7 (_). 20 *ig QS-7 (A). 40 
Jig QS-7 (•). and 10 *ig QS-21 (O). Splenocytes were harvested at day 42, stimulated in vitro 
for six days with HIV-1 gpl20 peptide 18 (predominant CTL epitope), and used as effector 
cells in the CTL assay. Lysis was determined by a standard 5l Cr release assay on P815 cells 
coated with the peptide. The background lysis of P815 cells was subtracted. 


Lytic activity 

One of the properties of most esterified bisdesmodic triterpene saponins is a 
haemolytic activity. QS-21, at concentrations of approximately 7 |ig/ml (3.5 \iM), is 
haemolytic to sheep red blood cells in an in vitro assay [2]. Haemolytic activity is 
reported to be especially high with esterified saponins. Although QS-7 is an esteri- 
fied saponin, it has a considerably shorter acyl chain than QS-21. The concentration 
of QS-7 required for 50% haemolysis was 237 \xM. 


Discussion 

Although many adjuvants are effective in increasing humoral immune 
responses, fewer adjuvants will improve cell-mediated immune responses, particu- 
larly to soluble antigens. Soluble, nonparticulate antigens are not typically proc- 
essed by the class I major histocompatibility (MHC) antigen pathway that leads to 
CD8 + CTL responses to antigens synthesized in the cytoplasm (« endogenous » anti- 
gens), but are instead « exogenous » antigens which are internalized by endocytosis 
and processed by the class II MHC pathway that leads to antibody responses. 
Hence, CTL responses are difficult to raise against soluble antigens. However, cer- 
tain adjuvant and antigen delivery strategies have been shown to modify the 
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response for soluble antigens from a Class II MHC response to a Class I MHC 
response. These include antigen delivered in acid-sensitive liposomes [12], lipopep- 
tides [13], and ISCOMs [14]. These may act as lipophilic carriers for directing anti- 
gen through the endosomal membrane into the cytosol. 

QS-21 is another adjuvant that is known to induce strong CD8* CTL response to 
subunit antigens. Although it does not form a complex with soluble, hydrophilic 
antigens such as OVA, it does interact with cell membranes due to its ampbipathic 
structure. It is one of the more hydrophobic saponins in Q. saponaria extracts and is 
known to be taken up by splenocytes and lymph node cells and will bmd to lipo- 
somes of phosphatidylcholine/cholesterol (unpublished data). Hence, it is possible 
that it intercalates into the membranes of APC and enables escape of exogenous 
antigen into the cytoplasm. Deacylated QS-21 was previously shown to be inactive 
as an adjuvant for CTL responses [15]. This suggests that esterification may be 
important for this activity. However, the length of the fatty acid chain may be less 
important. QS-7, which appears to be esterified with an acetic acid, can clearly stim- 
ulate CTL responses. For example, it is an excellent inducer of CTL responses to 
HIV gpl20. With OVA, a several fold higher dose of QS-7 is required to induce a 
CTL response comparable to that of QS-21. The trend with OVA is that the 
saponin with higher lytic activity (QS-21) is a stronger inducer of CTL. However, 
the differences in optimum dose required for induction of CTL to OVA is consider- 
ably lower than predicted by the substantial differences in the haemolytic activity 
between QS-21 and QS-7 (70 fold difference in haemolytic litre). It is possible that 
there is a stronger correlation between CTL activity and effect of these saponins on 
membranes of APC than there is with haemolytic activity. 


Conclusion 

QS-7 a hydrophilic saponin from Quillaja saponaria. can stimulate a cell-medi- 
ated immune response to HIV-1 gpl20 and OVA. Preliminary structural studies 
suggest that this saponin is a highly glycosylated bisdesmoside quillaic acid saponin, 
acylated with an acetic acid. 
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Structure/function studies of QS-21 
adjuvant: assessment of triterpene 
aldehyde and glucuronic acid roles in 
adjuvant function 

Sean Soltysik*, Jia-Yan Wu*, Joanne Recchia*, Deborah A. Wheeler*, 
Mark J. Newmanf, Richard T. Coughlin* and Charlotte R. Kensil*J 

QS-21, a purified Quillaja saponaria saponin immunologic adjuvant, contains two 
functional groups that we hypothesized to be involved in the adjuvant mechanism of action 
through charge or Schiffbase interaction with a cellular target Derivatives, prepared by 
modification of these sites, were prepared and tested for their ability to augment the 
immunogenicity of the antigen ovalbumin (OVA) in C57BL16 mice. QS-21 derivatives 
that were modified at the carboxyl group oh an anionic sugar, glucuronic acid, retained 
adjuvant activity for antibody stimulation, inducing relative increases in antibody titers 
similar to those induced by QS-21, although the minimum adjuvant dose required for this 
stimulation was increased several fold relative to the dose of unmodified QS-2L One of 
these derivatives also retained significant activity for induction of OVA-specific cytotoxic 
T-lymphocytes. In contrast, QS-21 derivatives modified at an aldehyde on the triterpene 
did not show adjuvant activity for antibody stimulation or for induction of cytotoxic 
T-lymphocytes, suggesting that this functional group may be involved in the adjuvant 
mechanism. 

Keywords: QS-21; adjuvant; Quillaja saponaria; saponin; stmcture/f unction 


Extracts of the bark of the South American tree Quillaja 
saponaria Molina contain a heterogeneous saponin frac- 
tion with potent adjuvant activity 1 * 2 . These saponins 
have been purged to near homogeneity by HPLC and 
characterized for adjuvant activity 5 . Several were shown 
to stimulate high antigen-specific antibody titers in 
mice 3 - 4 . One of these saponins, QS-21, was also shown to 
induce class I MHC-restricted cytotoxic T-Iymphocyte 
(CTL) responses in mice when used with subunit 
antigens such as ovalbumin and recombinant HTV-1 
envelope antigens 5 - 6 and to increase antibody titers to 
T-independent polysaccharide antigens 7 . QS-21 has also 
been tested as an adjuvant in a Phase I melanoma 
vaccine clinical trial and was noted to augment antigen- 
specific IgG titers 8 , making it of particular interest as a 
vaccine adjuvant. However, relatively little is known of 
the minimum critical structure of QS-21 required for 
these adjuvant functions. This study addresses the 
relationship of QS-21 structure to its adjuvant function 
via analysis of two functional groups. 
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QS-21 is a highly complex triterpene glycoside (Figure 
/), with branched sugar chains at carbon 3 and carbon 
28 on the triterpene quillaic acid 4 . A correlation between 
the presence of branched sugar chains at these positions 
and adjuvant activity of naturally occurring saponins 
was noted 9 . The glycoside on carbon 3 contains an 
anionic sugar residue, glucuronic acid, which imparts an 
overall negative charge to the QS-21 molecule at physio- 
logical pH. There is also an aldehyde on carbon 4 of the 
triterpene. In addition, QS-21 contains a fatty acid 
(3,5-dihydroxy-6-methyl-octanoic acid) linked through 
an ester bond to the 3-hydroxyl or 4-hydroxyl of fucose 
(N. Jacobsen, personal communication). An identical 
fatty acid is linked in ester bond to the 5-hydroxyl of the 
first fatty acid; the 5-hydroxyl of the second fatty acid is 
glycosylated with a single sugar (arabinose). 

Relatively little is known of the minimum critical 
structure of QS-21 required for adjuvant function. There 
are several adjuvant active saponins that have been 
isolated from Quillaja saponaria Molina 3 . These include 
the saponins QS-7, QS-17, QS-18, and QS-21 which are 
the predominant saponins in the bark and which as an 
aggregate represent approximately half of the saponins 
present in Quillaja saponaria bark. Structural compari- 
son suggests that the known adjuvant active saponins 
have the triterpene backbone (quillaic acid) and some 
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Glucuronic acid 
reaction site 



Figure 1 Structure of QS-21. The two functional groups selected for modification are shown 


carbohydrate residues in common. Two structural fea- 
tures held in common by all adjuvant active saponins 
from Quillqja saponaria Molina are the 2,3 glucuronic 
acid 3 * 4 ~° and the quillaic acid backbone, including the 
aldehyde at carbon 4". We postulated that these func- 
tional groups were involved in the QS-21 adjuvant 
mechanism, the glucuronic acid through charge inter- 
action and the aldehyde via Schiff base formation with a 
cellular target. Hence, these two functional groups (glu- 
curonic acid carboxyl group and triterpene aldehyde) 
were modified by conjugation to small blocking groups; 
the resulting derivatives were tested as adjuvants in an 
effort to evaluate the importance of these functional 
groups or nearby regions to adjuvant function. 

MATERIALS AND METHODS 
Materials 

QS-21 was purified from an aqueous extract of 
Quillqja saponaria bark by adsorption chromatography 
and reversed-phase HPLC\ N-hydroxysulfosuccinimide 
(S-NHS) and N,N'^icycIohexylcarbodiimide (DCQ 
were purchased from Pierce Chemical Co. (Rockford, 
IL). Sodium cyanoborohydride, anhydrous dimethyl- 
formamide. (DMF), anhydrous dimethylsulfoxide 
(DMSO), and 8-anilino-I-naphthalene-sulfonic acid 
(ANS) were purchased from Aldrich Chemical Co. 
(Milwaukee, WI). Ovalbumin (OVA), Grade VI, was 
obtained from Sigma Chemical Co. (St. Louis, MO). 

Preparation of derivatives modified at glucuronic acid 
carboxyl 

Conjugates (1:1 molimol) of QS-21 and the small 
molecules ethylamine, glycine, and ethylenediamine 
were prepared. In order to react the glucuronic acid 
carboxyl group of QS-21 with free amino groups on the 
molecules used as blocking agents, an active ester 


derivative of QS-21 was prepared using sulfo-NHS 12 . A 
twofold molar excess of S-NHS and a threefold molar 
excess of DCC were added to 50 mM QS-21 in anhy- 
drous DMF; this reaction mixture was incubated with 
stirring overnight at room temperature to generate the 
S-NHS active ester derivative of QS-21 (QS-21/S-NHS 
ester). The reaction mixture was then chilled on ice and 
filtered to remove dicyclohexylurea. The active ester 
derivative of QS-21 was then precipitated by addition of 
ethylacetate (final ratio=6/l ethylacetate/DMF, v/v), 
purified by repeated washes with ethylacetate, collected 
by centrifugation (IS min at lOOOg), and dried by 
vacuum desiccation overnight. 

In order to conjugate the small molecules glycine, 
ethylamine, and ethylenediamine through their free 
amino groups to the glucuronic acid carboxyl of QS-21, 
a modification of the method of Anjaneyulu - and 
Staros 13 was employed. A 100-fold molar excess of 
glycine, ethylamine, or ethylenediamine (1.0 M in 0.1 M 
sodium phosphate, pH 7.0) was added to solid QS-21/S- 
NHS active ester. The reaction mixture was stirred at 
room temperature for 1 h. The resulting conjugates were 
purified on a Vydac C4 column (1.0 cm LD. * 25 cm 
length, 5 jim particle size, 300 angstrom pore size) using 
a Waters 600E HPLC system and detection at 214 nm 
(LambdaMax Model 481 Variable Wavelength Detec- 
tor). A linear water/acetonitrile gradient in 0.15% tri- 
fluoroacetic acid was used. Pooled fractions containing 
the predominant reaction product were lyophilized to 
dryness. 


Preparation of derivatives modified at triterpene 
aldehyde 

To conjugate glycine, ethylamine, and ethylenedi- 
amine through their free amino groups to the triterpene 
aldehyde on QS-21 (Figure 7), a 50-fold molar excess of 
these compounds in 0.1 M sodium phosphate, pH 6.0 


was' added to QS-21 (12 mM) in 0.1 M sodium phos- 
phate (pH 6.0)/methanol (50/50, v/v) and incubated with 
stirring overnight at room temperature to induce Schiff 
base formation. These adducts were stabilized by the use 
of sodium cyanoborohydride as a selective reducing 
agent 14 . Sodium cyanoborohydride (from a 0.1 M stock 
solution in methanol) was added to a final ratio of 4/1 
(mol/mol) over QS-21. The reaction mixture was stirred 
overnight. The predominant reaction product was 
purified by HPLC as described above. 


Characterization of QS-21 derivatives 

Derivatives were characterized for purity and reten- 
tion time relative to QS-21 by reversed-phase HPLC on 
C18 (3 iim particle size, 120 angstrom pore size, 4.6 mm 
LD. x 15.0 cm length (YMC Inc., Wilmington, N.C)) 
using a linear gradient of 80% solvent A/20% solvent B 
to 40% solvent A/60% solvent B over 20 min at a 1 ml 
min" 1 flow rate. Solvent A was 0.1% H 3 P0 4 in water and 
solvent B was 0.1% H 3 P0 4 in acetonitrile. Detection was 
by UV absorbance at 205 nm. Relative retention time 
was determined from the ratio of k'derivative/k'QS-21 
where k'=(peak retention time -void retention time)/ 
(void retention time). Molecular weights were deter- 
mined by fast atom bombardment-mass spectrometry 
(M-Scan Corp., Westchester, PA) to confirm that these 
derivatives were 1:1 covalent conjugates. 'H-NMR on 
samples in deuterated dimethylsulfoxide was carried out 
by Spectral Data Services (Champaign, IL). Modifi- 
cation of the triterpene aldehyde in compounds (5)-(7) 
was confirmed by elimination of the aldehyde proton 
resonance (singlet with chemical shift =9.47 in unmodi- 
fied QS-21). The aldehyde proton resonance was present 
in compound (3) whereas a proton singlet at 8.1 ppm 
(assigned as the proton resonance on the amide bond 
nitrogen) appeared. Compounds (4) and (5) were not 
assayed by NMR. 

Immunizations 

C57BL/6 mice (female, &- 10 weeks of age) were 
used for all immunizations. Mice were immunized sub- 
cutaneously with 0.2 ml of 25 fig OVA and varying 
amounts of QS-21 derivatives with either two or three 
immunizations spaced 2-3 weeks apart. Sera were col- 
lected one week after the second immunization or two 
weeks after the third immunization for analysis by EIA. 
Splenic mononuclear cells for use as the source of 
effector cells in the CTL assay were collected two weeks 
after the last of three immunizations. 


Immunological assays 

The EIA was done using OVA-coated Immulon IV 
plates (Dynatech Laboratories, Chantilly, VA). Plates 
were coated with OVA by overcoating wells with 100 pi 
per well of 10/ig ml* 1 OVA in PBS and incubation at 4*C 
overnight. Plates were emptied and were then incubated 
for 1 h at ambient temperature with 150 /il well" 1 of 10% 
normal goat serum (Gibco Laboratories, Grand Island, 
NY) in PBS. Plates were washed three times with 0.05% 
Tween-20 in water. Serial dilutions of sera in 10% 
normal goat serum in PBS (1/10 dilutions) were pre- 
pared and incubated on the plate for 1 h at room 
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temperature. Plates were then washed three times with 
0.05% Tween-20 in water. For measurement of total 
IgG, a total volume of 100 /il goat anti-mouse IgG- 
horseradish peroxidase conjugate (BioRad, Richmond, 
VA), diluted 1/ 12 500 in 10% normal goat serum in 
PBS, was incubated on the plate for 1 h at room 
temperature. For measurement of IgGl, IgG^ or 
IgG2a, a volume of 100 /il goat-antimouse IgGl, IgG2 b , 
or IgG2 a (conjugated to alkaline phosphatase, Southern 
Biotechnology, Birmingham, AL, diluted 1/250 in 10% 
normal goat serum/PBS) was added to each w^ll and 
incubated at 4*C overnight. Plates were washed five 
times with 0.05% Tween-20 in water followed by one 
wash with water. Color development was with tetra- 
methylbenzidine substrate for total IgG and with 
p-nitrophenylphosphate for IgGl, IgG2,,, and IgG2,. 

CTL activity was assa yed using splenic mononuclear 
cells as the source of CTL. The precursor CTL in splenic 
mononuclear cell preparations were induced to mature 
in vitro by culture with mitomycin C-treated E.G7-OVA 
cells at a 20:1 (respondenstimulator) ratio or with de- 
natured ovalbumin. For a negative antigen control, 
splenic mononuclear cells were cultured with medium 
(supplemented RPMI 1640). Culture in presence or 
absence of antigen was carried Out using supplemented 
RPMI 1640 medium at 37 # C in a 2 ml volume with 
1 x 10 6 cells per ml in culture tubes. Cells were recovered 
after 144 h of culture and used in the CTL assay. The 
CTL activity was measured using both EIA cells and 
E.G7-OVA (EL4 cells transfected with cDNA coding 
for OVA 15 ) as targets. Cytotoxicity was measured after 
4 h of incubation of CTL with 10 4 5l Cr-Iabeled target 
cells per well, using effector/target (E/T) ratios of 25:1 to 
3:1. The percent of specific 51 Cr release was calculated 
as 100 x (experimental release -spontaneous release)/ 
(maximum release - spontaneous release) where maxi- 
mum release was measured after lysis of target cells with 
1% NP-40 and spontaneous release was measured after 
ihcubation of target cells with medium. 

Hemolysis and critical micellar concentration assays 

Hemolytic activity of QS-21 and derivatives were 
measured in an in vitro assay on sheep red blood cells. 
Five milliliters of sheep red blood cells in Alsever's 
solution (Biowhittaker, Walkersville, Maryland) were 
spun at 900$ for 5 min. The pellet was resuspended in 5 
ml PBS. This process was repeated twice. The final pellet 
was resuspended in 3 ml PBS. One hundred microliters 
of serial 1:2 dilutions of QS-21 or derivatives in PBS 
were added to individual wells of Falcon flexible round 
bottom 96 well assay plates (Becton Dickinson, Oxnard t 
CA). Twenty-five microliters of the washed red blood 
cell suspension were added to each well, mixed with the 
saponin solution, and incubated at room temperature 
for 30 min. The round bottom plate was then centri- 
fuged at lOOOg for 5 min. Fifty microliters of each of the 
supeniatants were transferred to wells in a flat bottom 
microtiter plate for determination of the absorbance at 
570 nm. 

Critical micellar concentration (cmc) of QS-21 and 
derivatives was determined by a fluorescent dye binding 
assay as described previously' 6 * 17 . The fluorescent probe 
ANS, 11 //M in phosphate-buffered saline, was mixed 
with different concentrations of QS-21 or derivative. 
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Immediately after mixing, fluorescence emission at 490 
nm with excitation at 370 nm was determined. The 
fluorescence emission was plotted versus QS-21 or de- 
rivative concentration. Biphasic curves were obtained 
with low fluorescence emission below the cmc and 
significant increase in fluorescence emission above the 
one due to intercalation of ANS into the micelle. Best fit 
lines were determined for the biphasic curve; the cmc 
was defined as the QS-21 or derivative concentration 
corresponding to the intersection of the best fit lines. 


RESULTS 

Modification of QS-21 

In order to evaluate the importance of the glucuronic 
acid and triterpene aldehyde to the adjuvant activity of 
QS-21, derivatives consisting of 1:1 conjugates of QS-21 
linked to the small blocking groups glycine, ethylamine, 
and ethylenediamine at these ftinctional groups were 
prepared. The size, charge, and hydrophobicity of these 
derivatives compared to QS-21 are summarized in Table 
/. Although the size increase to QS-21 due to conju- 
gation of these blocking groups was minimal all of the 
conjugations were expected to sterically hinder or block 
any direct interactions at the modified sites. Some of 
these modifications also modified QS-21 charge, en- 
abling an evaluation of whether the anionic carboxyl 
group on QS-21 was involved in a charge interaction as 
part of the adjuvant mechanism. In compound (3), the 
glucuronic acid was blocked with a neutral group (ethyl- 
amine), eliminating the charge at physiological pH. In 
compound (4), conjugation of the acid to ethylaminedi- 
amine resulted in a conjugate with a free amino group, 
imparting a cationic charge. Although modifications of 
the aldehyde did not affect the anionic group on the 
glucuronic acid carboxyl, this modification did affect the 
overall charge of the QS-21 molecule. Compound (6) is 
zwitterionic, with negative charges on the glucuronic 
acid and a positive charge on the secondary amine 
formed on the aldehyde, whereas compound (7) is 
positively charged overall. Hydrophobicity changes (as- 
sessed by relative retention time to QS-21 on reversed- 
phase HPLQ were determined to be minimal and 
were within the range encompassed by naturally occur- 
ring adjuvant-active saponins such as QS-7 (relative 
retention time 0.72). 


Antibody stimulation 

All derivatives were tested for activity in stimulating 
antigen-specific antibody to OVA in C57BU6 mice. 
Mice received three immunizations with OVA and 10 /*g 
of QS-21 (1) or derivatives (2H4) (modified at the 
glucuronic acid carboxyl group) or (5H7) (modified at 
the aldehyde at triterpene carbon 4). Anti-OVA IgGl, 
IgG2 b> and IgGl titers were determined by EIA (Figure 
2). Unmodified QS-21 induced significant increases in 
IgGl, IgG2 b , and IgG2,. Derivatives (2) and (3) also 
induced significant increases in antibody of all three 
isotypes although to a slightly lesser extent than QS-21. 
No adjuvant effect was noted for derivative (4) except 
for a 10-fold increase in IgG2 b . The antibody profile 
induced by OVA formulations adjuvanted with deriva- 
tives (5H7) was similar to that induced by the OVA/ 
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Figure 2 Antigen-specific antfeody stimulation by QS-21 deriva- 
tives. C57BL/B mice (5 per group) were immunized subcutaneousry 
at 8, 1 0 and 1 2 weeks of age with test formulations containing 25 fig 
OVA adjuvanted with 10 //g QS-21 or QS-21 derivative. A control 
group immunized with OVA in saline was included. Serum were 
collected one week after the third immunization and analyzed for 
anthOVA of the IgQ subclasses lgG1 (solid bars), IgQ^ (cross- 
hatched bars), and lgG2. (stippled bars). Data are expressed as the 
mean andl standard error of the tog 10 titer of the five mice in each 
group 
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Figure 3 Effect of QS-21 derivative dose on antibody stimulation. 
C57BL/6 mice (10 per group) were immunized subcutaneousry with 
25 jtg OVA and the indicated dose of QS-21 or QS-21 derivative in a 
total volume of 0.2 ml sattne at 8 and 10 weeks of age. Sera were 
collected 1 week after the second immunization and an equivolume 
pool was made from each of the mice in a group; these pools were 
analyzed in quadruplicate by EiA on plates coated with OVA. Data 
are reported as the mean and 1 standard error of tog 10 titer. Test 
adjuvantd). X; (2). (3). ■; (4) p A; (5). O; (6), Q; (7), A 


saline formulation, suggesting that these derivatives 
were inactive as adjuvants. The total IgG titer (not 
shown) also indicated the same trend. 

The anti-OV A total IgG response to different doses of 
derivatives were compared in Figure J. Mice were immu- 
nized subcutaneously with test vaccines containing 25 fig 
OVA and doses of QS-21 or derivative ranging between 
2.5 and 40 /xg. Serum was collected at 1 week after a 
second immunization and tested for total IgG to OVA. 
QS-21 stimulated anti-OVA IgG at doses between 5 and 
10 fig, with some partial effect observed at 2.5 fig. A 
higher dose was required for QS-21 derivatives which 
were modified at the glucuronic acid carboxyl ((2>-{4)). 
However, despite the increase in minimum effective 
dose, all derivatives modified at the carboxyl retained 


the function of antibody stimulation. In addition to total 
IgG, antigen-specific IgGl, IgG2 b , and IgG2 a were 
measured for these derivatives and were observed to 
increase according to the same dose response curves as 
for the total IgG (data not shown). In contrast, none of 
the derivatives prepared by conjugation to the triterpene 
aldehyde ((5H7)) stimulated any increase in antibody 
titer despite doses of up to 40 fig (approximately 16-fold 
higher than the lowest dose of QS-21 (2.5 j*g) that 
stimulates any significant increase in titer). Hence, modi- 
fication of the triterpene aldehyde of QS-21 effectively 
eliminated its property of antibody stimulation in this 
dose range, although activity at a higher dose could not 
be ruled out 


Class I-restricted cytotoxic T-Iymphocyte stimulation 

One of the more unique properties of QS-21 adjuvant 
is its activity for stimulation of MHC class I-restricted 
CTL in response to subunit vaccines. Hence, the deriva- 
tives were tested for stimulation of CTL to determine 
whether modification affects this property. The results 
are summarized in Figure 4. An OVA-transfected syn- 
geneic cell (E.G7-OVA) was used as target. Splenocytes 
(from mice receiving 3 immunizations with test vaccines) 
were stimulated by mitomycin-C treated E.G7-OVA to 
induce CTL maturation; these splenocytes were then 
used as effector cells in the lysis assay (panel A). The 
specific killing induced by effector cells from mice receiv- 
ing derivatives as adjuvants were compared to effectors 
from mice receiving QS-21 and was used as a measure of 
precursor CTL induced by these adjuvants. Addition- 
ally, denatured OVA was tested as an antigen stimulus 
to determine whether the derivatives induced an APC 
population with capacity for antigen processing (panel 
B). 

Derivative (3) (prepared by modification of the glu- 
curonic acid carboxyl with ethylamine) was as effective 
as QS-21 in stimulating precursor CTL that could be 
stimulated to mature by stimulation with mitomycin-C 
treated E.G7-OVA cells. Derivative (3) also induced 
precursor CTL that could be expanded by denatured 
OVA, although to a lesser extent than QS-21. Deriva- 
tives (2) and (4) (prepared by modification of the glu- 
curonic acid carboxyl with glycine and ethylenediamine, 
respectively) also stimulated a CTL response. However, 
this response was lower than that induced by QS-2 1 and 
was observed only by use of processed antigen (mito- 
mycin C-treated E.G7-OVA cells) as an antigen stimu- 
lus. Doses higher than 10 fig were not tested, so the 
possibility that these derivatives would induce a stronger 
lytic response at doses yielding maximum response in 
antibody stimulation cannot be ruled out. Derivatives 
(5H7) (prepared by modification of the triterpene alde- 
hyde) were not active or poorly active in CTL induction, 
invoking responses that were similar to that induced by 
a nonadjuvanted OVA vaccine. 


Effect of modification on detergent properties of QS-21 

QS-21 and other saponins from Quillqja saponaria 
associate in micelles due to their amphipathic structure. 
As a measure of the propensity of these molecules to 
form micelles, the critical micellar concentration was 
determined (Table 2). The critical micellar concentration 
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Figure 4 Cytotoxic T-lymphocyte stimulation by QS-21 derivatives. 
C57BL/6 mice (5 per group) were immunized subcutaneously at 8, 
10, and 12 weeks of age with test formulations containing 25 mQ OVA 
adjuvanted with 10>g QS-21 or QS-21 derivative. CTL activity was 
measured using E.G7-OVA celts and EL-4 cells as targets and 
splenic mononuclear cells from immunized animals as CTL effector 
cells. Splenic mononuclear cells were collected from 2 to 4 weeks 
after the last immunization. Maturation of precursor CTL to functional 
effector cells in Wfrowas carried out by specific antigen stimulation 
using mitomycin C-treated E.G7-OVA cells (panel A) and denatured 
OVA (panel B). Data are expressed as mean % specific lysis +1 
standard deviation from two separate assays of pooled splenocytes 
from 2 or 3 mice after subtraction of background lysis of EL4 cells. 
Test adjuvant None ■ ; QS-21 , (1 ), 0 ; (3), 13 ; (4), 3 ; (2). □ ; (6), □ ; 
(7). 3: (5). □ 


was minimally affected by modification of the glucuronic 
acid, with these derivatives having lower cmc values 
than the intact QS-21. This was consistent with the site 
of modification, which is in one of the hydrophilic 
domains of the QS-21 molecule. In contrast, the cmc 
values of the derivatives modified at the aldehyde were 
substantially higher than that of QS-21, ranging from 
2.3-fold higher for the cationic ethylenediamine deriva- 
tive to almost sixfold higher for the anionic glycine 
derivative, consistent with modification of QS-21 in one 
of the two hydrophobic domains expected to contribute 
to association. 

The lysis of red blood cells in an w vitro assay was 
used as a second measure of detergent activity. The 
relative hemolytic activity of the derivatives was 
measured and compared to that of unmodified QS-21 


Table 2 Detergent properties of QS-21 derivatives 


Derivative 

Critical rroceBar 
concentration (pM)* 

Concentration inducing 
50% hemolysis fcM) 0 

QS-21 (1) 

26.6±4.9 

4 

(2) 

22.0*7.7 

16 

(3) 

16.0*2.2 

7 

(4) 

13.3*8.2 

17 

(5) 

147*£1 

>244 c 

(6) 

89.6*0.9 

>248 

(7) 

61.0*8.2 

>246 


The critical micellar concentration was determined in phosphate- 
buffered saline, pH 7.0, as described in Materials and Methods. Data 
is expressed as mean *1 standard deviation in assay of two 
separate preparations of each derivative. The concentration induc- 
ing 50% hemolysis of sheep erythrocytes in an in vitro assay 
was determined as described in Materials and Methods. "Highest 
concentration tested 


* (Table 2). Modifications made at the glucuronic acid did 
not substantially affect the hemolytic activity. However, 
modifications at the triterpene aldehyde eliminated 
hemolytic activity up to the highest concentration tested 
(244-248 /iM), The results were consistent with the 
results from the critical micellar concentration determi- 
nation, indicating that the lysis of cellular membranes 
was affected by modifications that increased the cmc. 
For QS-21 and those derivatives that retained hemolytic 
activity, minimum hemolytic concentrations were lower 
than the cmc, indicating that the monomelic form of 
QS-21 and derivatives is the form which associates with 
the erythrocyte membrane. 

DISCUSSION 

All derivatives were tested for adjuvant activity by 
determining their effects on both antibody response and 
cellular mediated response to determine whether these 
activities were affected equally or would be affected in an 
unequal fashion. Augmentation of antibody but not 
CTL or the converse would suggest that different QS-21 
functional groups or regions are involved in these 
separate activities. However, derivatives prepared by 
modification at the glucuronic acid carboxyl were active 
for stimulation of both antibody and CTL; derivatives 
prepared by modification of the triterpene aldehyde 
were inactive for both responses. This does not rule 
out the possibility that these activities can be mapped 
to separate regions that we have not yet examined. 
For example, diphosphoryllipid A has both adjuvant 
and toxic properties, but the derivative monophos- 
phoryllipid A retains adjuvant activity, but exhibits 
significantly lower toxicity than the parent molecule 18 . 

Some moderate association between detergent activity 
and adjuvant activity was noted in this study. This was 
most evident in the three derivatives which were 
modified at the triterpene aldehyde. This modification 
resulted in substantial increases in both the critical 
micellar concentration and in concentrations required 
for hemolytic activities, indicating that the modification 
of the apolar triterpene interferes with self-association 
and membrane association. This was correlated with a 
loss of adjuvant activity. By contrast, modification of 
glucuronic acid, which is part of the hydrophilic glyco- 
side and is not expected to participate in self-association, 


did not substantially affect the detergent properties of 
this molecule and adjuvant activity was retained at 
high doses. However, this correlation between loss of 
hemolytic activity and loss of adjuvant activity is differ- 
ent from our previous observation that a naturally 
occurring Quillaja saponaria saponin, QS-7, is not hemo- 
lytic up to 500 /<g ml~ \ but is adjuvant active 3 . Deriva- 
tive (3) (conjugation of ethylamine to the glucuronic 
acid) is more hydrophobic than QS-21, has a lower 
critical micellar concentration than QS-21, and has 
similar hemolytic activity. However, the minimum 
effective dose of (3) indicated by the dose response 
for stimulation of antibody was several fold higher 
than native QS-21. We have previously observed that 
QS-21 is active as an adjuvant below the critical mi- 
cellar concentration 17 . Hence, the adjuvant properties 
of QS-21 are not necessarily associated with its lysis of 
cell membranes or its properties of self association or 
membrane association. 

Studies with xnuramyldipeptide (MDP) derivatives 
such as MTP-PE suggest that increasing hydrophobicity 
does not substantially affect antibody stimulation, but 
improves cell-mediated responses 19 . Lipophilicity was 
also noted to be important for the adjuvant effect of 
nonionic block copolymer adjuvants 20 . However, lipo- 
philic derivative (3) of QS-21 was not improved over 
QS-21 in either minimum dose and levels of antibody 
stimulation or induction of cell-mediated immune re- 
sponses, measured in this study as induction of Cass I 
restricted CTL. However, it did induce the highest CTL 
response of the derivatives, suggesting that an increase 
in lipophilicity does influence this function. Although 
most of the derivatives were apparently less hydropho- 
bic than QS-21, being retained less tightly on reversed- 
phase HPLC, the range of retention times of these 
derivatives was encompassed by that of naturally occur- 
ring, adjuvant-active, polar saponins from Quillaja 
saponaria such as QS-7, QS-17 and QS-18, which stimu- 
late antibody response in mice in the same dose range 
as QS-21 3 ' 4 . Hence, we expected that any differences 
observed in biological function of these derivatives 
would be primarily due to blocking of the functional 
groups, with the polarity changes playing a relatively 
minor role in the differences. 

The three derivatives prepared by conjugation of 
small molecules to the glucuronic acid carboxyl retained 
substantial adjuvant activity. In addition to stimulating 
total antigen-specific IgG titer, these derivatives were 
active in stimulating antigen-specific IgGl, IgG2 b and 
IgG2„ suggesting a stimulation of both Thl and Th2 
cells. The ability to stimulate IgG2 b and IgG2 a antibody 
has been noted previously for unmodified QS-21 3 - 4 , 
suggesting that modification at the glucuronic acid does 
not affect the Thl -type response associated with QS-21. 
Furthermore, these derivatives were active as adjuvants 
for induction of MHC Class I-restricted precursor CTL. 
Immunization with antigen/QS-21 has been suggested to 
set up an activated macrophage population that is highly 
efficient in the presentation of exogenously provided 
antigen such as OVA to the Class I MHC pathway 21 . 
One of the derivatives appeared to retain this property. 
The effector cells from mice immunized with OVA and 
derivative (3), modified at the glucuronic acid with 
ethylamine, were stimulated to produce mature CTL 
after stimulation with denatured OVA, suggesting that 
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this derivative retained the ability of the native QS-21 
molecule for activation of this APC population for 
processing and presenting OVA antigen. Hence, deriva- 
tives modified at the glucuronic acid carboxyl retained 
the ability to set up the same type of immunological 
responses as the native QS-21. This was in spite of 
modifications that blocked the anionic carboxyl group 
with a neutral or cationic molecule. Hence, it is unlikely 
that this functional group is directly involved in adju- 
vant function. However, the increase in minimum effec- 
tive dose with these derivatives relative to QS-21 
suggests a potential steric hindrance of a site important 
to activity. It has been proposed that the glucuronic acid 
on Quillaja saponins prevents aggregation of immune- 
stimulating complexes (ISCOM) containing Quillaja 
saponin 22 . Because we were able to utilize the QS-21 
derivatives as adjuvants in soluble form, we did not 
attempt to prepare ISCOM with these QS-21 derivatives 
to determine whether the elimination of the charge 
affected ISCOM formation. 

The glucuronic acid site is a potential site for conju- 
gation directly to antigen. Conjugation of muramyl: 
dipeptide adjuvant directly to either luteinizing hormone- 
releasing hormone 23 or to coliphage MS-2 viral pep- 
tide coupled to a polymeric carrier 24 yielded highly 
immunogenic complexes in the absence of additional 
adjuvant. This strategy could also be used with QS-21, 
potentially decreasing the required amount of antigen 
and/or adjuvant in a vaccine formulation. We have 
already demonstrated that QS^21 can be directly coupled 
through an amide linkage through the glucuronic acid 
carboxyl to free amino groups on lysozyme, resulting in a 
1:1 molar conjugate that induces higher antibody titers to 
lysozyme than free lysozyme and QS-21 4 . Additional 
studies are ongoing to analyze both antibody and CTL 
responses to a 1:1 molar covalent conjugate of OVA: 
QS-21. 

In contrast to modification of glucuronic acid, the 
modification of the aldehyde at C4 on the QS-21 triter- 
pene severely diminished adjuvant activity. All three 
derivatives modified at the aldehyde were inactive as 
adjuvants over a dose range 10-fold higher than the 
m ini mum dose of native QS-21 associated with some 
stimulatory effect (2.5 //g). Hence, this aldehyde may 
be critical to the adjuvant function. One possible mech- 
anism involving the aldehyde might be the formation of 
a Schiff base with a free amino group on a cellular target 
to stabilize a cellular interaction. Stabilization of inter- 
action of MHC Class 11+ antigen-presenting cells and T h 
cells via Schiff base interaction between free amino 
groups on antigen-presenting cells and aldehyde on the 
T cells has been noted 25 . The inactivation of the QS-21 
adjuvant function by blocking the aldehyde suggests 
that it may also be involved in a Schiff base interaction 
with a free amino group on the surface of an immune 
cell target. However, a direct Schiff base-stabilized inter- 
action of QS-21 with a particular immune cell popu- 
lation has not yet been demonstrated. It was shown 
through in vivo and in vitro cell depletion and reconsti- 
tution studies that macrophages are critical for both 
induction of precursor CTL to QS-21/subunit antigen 
vaccines as well as being critical for antigen process- 
ing during CTL maturation 21 . Hence, macrophages may 
be an important site of action for QS-21 . However, other 
immune cell populations such as T cells cannot be ruled 
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' out Additional studies are planned to further determine 
the site of action of QS-21. Upon determination of the 
cells that interact with QS-21, the possible 
interaction of the aldehyde with these cells will be 
explored. 
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fts— A triterpenoid saponin mixture (so-called quillajasaponin) obtained from the bark of Quillaja saponaria 
-ted with weak alkali and two major desacylsaponins were isolated. On the basis of chemical and spectral 
they were determined as 3-0-/?-r>galactopyranosyl-(l 2>[>D-xylopyranosyl-(l -» 3)>/?-r>glucuro- 
aosyl quillaic acid 28-0-^-r>apiofuranosyl-(l -> 3)-0-D-xylopyranosyl-(l 4)-a-L-rharnnopyranosyl-(l -» 2)- 
opyranoside and 28-O-0-D-apiofuranosyl-(l 3)-/?-r>xylopyranosyl-(l -» 4)-[j0-r>glucopyranosyl-(l 3)]-a- 
opyranosyl-(l -> 2)-/?-D-fucopyranoside. Diazomethane degradation providing selectively the 28-O-giycoside 
$bt 3,28-O-bisglycoside was a useful method for the structure elucidation. 


INTRODUCTION 


{bark of Quillaja saponaria Molina, named quillaja 
j| (cortex quillajae), is known as a saponin crude drug, 
has been used as a detergent, dentifrice and expector- 
The existence of a saponin mixture (designated as 
jasaponin), which was recently reported to have a 


yjo whom correspondence should be addressed. 


strong adjuvant activity [2, 3] and a plasma cholesterol 
lowering effect [4], was recognized but as for the con- 
stituents of the crude saponin, little was known except for 
quillaic acid [5, 6] and its monoglucuronide [7], which 
were obtained upon acid hydrolysis of the saponin. A 
study on the constituents of the quillajasaponin has been 
conducted in an attempt to isolate the physiologically 
active triterpenoid compounds. We report in this paper 
the structures of two desacylsaponins (quillaic acid 3,28- 
O-bisglycosides), DS-1 (1) and DS-2 (2), obtained by mild 
alkaline hydrolysis of the quillajasaponin. 
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RESULTS AND DISCUSSION 

The methanol extract of the bark was fractionated by 
the ordinary procedure, as described in the Experimental, 
to give a saponin fraction (quillajasaponin). On treatment 
with 6% NaHC0 3 in 50% methanol, the fraction af- 
forded a desacylsaponin mixture, which was separated by 
normal and reverse phase column chromatography to give 
two major compounds, DS- 1 (1) and DS-2 (2). Compound 
1, as well as 2, showed a single spot on normal and reverse 
phase TLC, respectively. 

Compound 1 was hydrolysed with acid to yield glucu- 
ronic acid (Glr), galactose (Gal), xylose (Xyl), fucose (Fuc), 
rhamnose (Rham), apiose (Api) and quillaic acid (3). 
Compound 2 yielded the same products as those of 1 and 
in addition glucose (Glc). The 1 *C NMR spectra of 1 and 2 
showed seven and eight anomeric carbon signals respect- 
ively. The FAB mass spectra of 1 and 2 revealed the 
molecular ion peaks as a cationized cluster ion at m/z 1589 
[M + 2K-H] + and 1751 [M + 2K-H]*, respectively. 
These data indicate 1 to consist of 1 mol each of 3, Glr, 
Gal, Xyl, Fuc, Rham, Api and another one, Xyl or Api, and 
2 to consist of the same components as those of 1 and 
1 mol of Glc. Both compounds were suggested to have a 
28-O-glycosidic linkage since in their l3 CNMR spectra 



OR 


the signals due to C-28 of the aglycone part were ob^ 
at 5176.0 (in 1) and 176.3 (in 2) [8]. ^ 

When compounds 1 and 2 were treated wf 
potassium hydroxide in 50% ethanol, they affo -** 
same prosapogenin (4), which was hydrolysed with ~ 
yield 3, Glr, Gal and XyL Compound 4 showed; 
13 CNMR spectrum three anomeric carbon signafi 
three carbon signals at 6 24.6, 54.9 and 84.2 due to G- 
and C-3 of quillaic acid having a sugar moiety at?! 
position [9], and showed the molecular ion peak afc 
995 [M + K] + in the FAB mass spectrum. These 
indicate that 4 is the 3-0-glycoside of 3 and consul 
1 mol each of 3, Glr, Gal and XyL Since the aidefi 
group and Glr unit in 4 were thought to complicate 
structure elucidation, compound 4 was converted id 
more stable compound 6 as follows. ' • M 

Reduction of 4 with sodium borohydride follow-* 
methylation of the product by the Hakomori method 
afforded compound 5. Compound 5 was again r?" 
and methylated to yield compound 6, which was 
anolysed to give an aglycone (7) and three methy 
sugars. An acetate (8) of 7 showed in the 'H 
spectrum the signals of one acetoxyl and three meth 
groups, together with triplet-like signals at 54.9% 
cribable to the proton at C-3 bearing the acetoxyl • 
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erefore 7 and 8 were regarded as the 16,23-di-O- 
1 ether of 16a-hydroxyhederagenin methyl ester and 
icetate, respectively. The methylated sugars were 
ed as methyl pyranosides of 2^,4-tri-O-methyl- 
(S-l), 2^A6-tetra-0-methyl-galactose (S-2) and 
-methyl-glucose (S-3). Therefore, compound 4 
branched trisaccharide, xyIopyranosyl-[galacto- 
iosyQ-glucuronopyranose, combined with the 3- 
)X yl group of 3, and the Xyl and Gal units are 
to the 2- and 3-, or 3- and 2-hydroxyl groups of 
[respectively. 

compound 6 was treated with dilute hydro- 
acid in methanol, a major product was obtained, 
jylation of the product afforded compound 9, which 
; on methanolysis compound 7, S-2 and methyl 3,4,6- 
methyl-glucopyranose (S-4). This indicated com- 
9 to be the pennethylate of the galactosyl-(l -» 2)- 
ide of 16a-hydroxyhederagenin. Therefore, if Xyl, 
Glr are assumed to be the most commonly found 
les, the oligosaccharide moiety of 4 is D- 
[opyranosyl-(l 2>-[r>xylopyranosyl-(l 3)]-r> 

nopyranosc. The 1 H NMR spectrum of 5 showed 
anomeric proton signals of sugar units as doublets 
large J values (7, 7 and 8 Hz) indicating their f$- 
[12]. 

Consequently, compound 4 is quillaic acid 3-0-/J-D- 
topyranosyl-(l 2)-[/?-D-xylopyranosyl-(l 3)]- 
ucuronopyranoside, and therefore compounds 1 
2 are thought to be 28-O-glycosides of 4. 
the course of experiments concerning the structure 
lion of 4, we found and reported [13] that the 
aglycone linkage of 4 was cleaved to give the- 
10 (methyl 3£16a£3a-trihydroxy-3-0,23- 
tylenolean-12-en-28-oate) and the corresponding 
(saccharide residue by only treatment of 4 with 
methane-ether in methanol. If this procedure (di- 
inethane degradation) is applied to compounds 1 and 

28-O-glycoside of 12 must be obtained, 
'reatment of compound 1 with diazomethane-ether in 
'thanol afforded a less polar compound (11). 
jmpound 11 revealed an ester carbonyl absorption 
cm' 1 ) in the IR spectrum, the signals of four 
jmeric carbons in the t3 CNMR spectrum and a 
fecular ion peak at m/z 1079 [M + Na] + in the FAB 
spectrum, and gave on acid hydrolysis Fuc, Rham, 
Api and an aglycone (12), which was. converted to 10 
mcthylation with diazomethane. These data indicated 
11 is the 28-O-tetraglycoside of 12 obtained by 
Vage of the 3-O-gIycosidic linkage in 1, and that the 
moiety of 1 1 consisted of 1 mol each of Fuc, Rham, 
and Api. 

iethanolysis of the permethylate (13) of 11 gave 14 
_ 16,23-di-O-methyl ether of 12), methyl 2,3,5-tri-O- 
||thyl-apiofuranoside (S-5) and methyl pyranosides of 
i-O-methyl-xylose (S-6), 2,3-di-O-raethyl-rhamnose 
^7) and 3,4-di-O-methyl-fucose (S-8). This indicated that 
sugar moiety of 11 is linear in structure and that 
~ [iofuranose is located at the terminal Compound 1 1 was 
ted with 2 % hydrochloric acid in methanol to yield 15 
ether with 12 and methyl apiofuranoside. Compound 
«- showed a molecular ion peak at m/z 479 [M + Na] + in 
i%e FAB mass spectrum and revealed one methoxyl and 
|jree anomeric carbon signals in the 13 C NMR spectrum, 
iad afforded Xyl, Rham and Fuc on acid hydrolysis. 
'(These data indicated that 15 was a methyl glycoside of a 
Jisaccharide consisting of Xyl, Rham and Fuc The 


detailed assignment of the 1 3 C NMR spectrum of 15 was 
made by taking the glycosylation shift [14, 15] into 
account and by comparison with the spectra of methyl 
fucopyranoside and gleditsia saponin [16] as shown in 
Table 1. The result of methanolysis of 13 indicated that if 
Xyl, Fuc and Rham are assumed to be the most commonly 
found D, D and L-series, compound 15 is the methyl 
glycoside of 0-D-xylopyranosyl-(l -» 4)-a-L-rhamno- 
pyranosyl-(l -+ 2>-a-r>fucopyranose. The above facts sug- 
gested that the sugar moiety of 11 is r>apiofuranosyl-(l 
-» 3)-/?-D-xylopyranosyl-(l 4)-a-L-rhamnopyranosyl- 
(1 -» 2)-r>fucopyranose since apiose in glycosides is also 
usually found as the D-series. 

The configuration of the D-fucopyranose unit was 
regarded to be fi by the J values of its anomeric proton 
signal (doublet, J = 8 Hz) [12] in the l H NMR spectrum 
of 13. The D-apiofuranose unit was considered to have the 
^-configuration by comparison of its anomeric carbon 
signal (S 1 1 1. 1) in the 1 3 C NMR spectrum of 1 1 with those 
of the methyl /?- and oc-D-apiofuranosides (/?-anoraen 
5111.3; a-anomer: 3104.4). Therefore, it follows that 
compound 1 1 is the 28-0-/7-r>apiofuranosyl-(l -+ 3)-/?-D- 


Table 


1. U CNMR spectral data (C S D 5 N) of com- 
pounds 15, 18 and reference compounds 


c 

15 

18 

Reference 
compounds* 




[F] 

r 

100.5 

100.4 

101.6 

2' 

78.4 

77.9t 

70.0 

3' 

69.9 

69.9 

71.6 

4* 

73.3 

73.2 

73.2 

5' 

66.6 

66.6 

66.9 

6' 

17.0 

17.0 

17.1 

OMc 

54.9 

54.9 

55.1 




[R] 

r 

104.2 

104.0 

101.2 

2" 

71.6 

71.1 

71.9 

3" 

7Z7 

77.7t 

72.6 

4* 

84.5 

82.7 

83.9 

5* 

68.1 

68.1 

68.4 

6* 

18.4 

18.7 

18.7 




[X] 

r 

107.0 

105.1J 

106.9 

2~ 

76.0 

75.4§ 

76.0 

3~ 

78.5 

78.7 

78.6 

4~ 

70.9 

71.1 

71.0 

5" 

67.4 

67.0 

67.4 




[G] 

1~ 


104.7* 

105.5 

2- 


75.2§ 

74.9 

3- 


78.7 

78.3 

4~ 


71.1 - 

71.6 

5~ 


78.7 

78.3 

6~ 


62.2 

617 


*[F]: Methyl a-D-fucopyranoside; [R] and [X]: rham- 
nose and xylose parts in 0-D-xylopyranosyl-(l — 4)-a-i- 
rhamnopyranosy] moiety in gleditsia saponin [16]; [G]: 
methyl 0-D-gIucopyranoside. 

t,t§ Assignments may be reversed in each vertical 
column. 


232 


R. HlCUCHi er al 


xyfopyranosyl-(l -» 4)-a-L-rhamnopyranosyl-(l -+ 2)-/J- 
D-fucopyranoside of 11 

Consequently, due to the structures of compounds 4 
and 11, compound 1 is characterized as 3-0-/?- D- 
galactopyranoys!-(l 2)-[0-D-xylopyranosyl-(l — 3)]- 
0-D-glucuronopyranosyl quillaic acid 28-0-/7-D- 
apiofuranosyl-(l 3)-/f-r>xylopyranosyl-(l -» 4)-o-L- 
rhamn6pyranosy!-(l 2)-/f-D-fucopyranoside. 

The structure of the 28-O-oligosaccharide moiety in 
compound 2 was also determined by using the diazo- 
methane degradation method as follows. On treatment 
with diazomethane, compound 2 afforded a less polar 
compound (16) which was presumed to be the 28-0- 
pentaglycoside of 12. On acid hydrolysis 16 gave 12, Fuc, 
Rham, Xyl, Api and Glc, and showed the molecular ion 
peak at m/z 1241 [M + Na] + in the FAB mass spectrum, 
five anomeric carbon signals in the 13 CNMR spectrum 
and an ester carbonyl absorption (1735 cm' ') in the IR 
spectrum. These data indicated 16 is the 28-O-glycoside of 
1 2 consisting of 1 mol each of 1 2, Fuc, Rham, Xyl, Api and 
Glc. Mcthanolysis of the pennethylate (17) of 16 afforded 
14 and five methylated sugars, S-5, S-6, S-8 and the methyl 
pyranosides of 2-0-methyl-rhamnose (S-9) and 2,3,4,6- 
tetra-O-methyl-glucose (S-10). These facts and the co- 
existence of 1 and 2 in the same plant material suggested 
that the sugar moiety of 16 is a pentasaccharide in which a 
glucopyranose is located on the 3-hydroxyl group of the 
rhamnopyranose unit in the sugar moiety of 11. 

When compound 16 was treated with 2 % hydrochloric 
acid in methanol in the same manner as 11, compound 18 
was obtained together with 12 and methyl apiofuranoside. 
Since 18 gave on acid hydrolysis Xyl, Rham, Fuc and Glc 
and showed the signals of one methoxyl and four 
anomeric carbons in the 13 CNMR spectrum and the 
molecular ion peak at m/z 619 [M + H] + in the FAB mass 
spectrum, compound 18 was regarded as the methyl 
glycoside of tetraose derived from the sugar moiety of 16. 
The l3 CNMR signals of 18 were assigned as shown in 
Table 1 by taking theglycosylation shift into account and 
by comparison with the spectra of 15 and methyl glucopy- 
ranoside. The pennethylate (19) of 18 was methanolysed 
to give S-8, S-9, S-10 and S-l. Therefore, if Xyl, Glc, Fuc 
and Rham are assumed to be the commonly found D, D, D 
and L-series, compound 18 must be methyl /?-D- 
xylopyranosyl-(l 4)-[0-r>glucopyranosyl-(l - 3)]-a- 
L-rhamnopyranosyl-(l 2)-oc-D-fucopyranoside. The site 


xyl 



H 
Me 


of linkage of the Glc and Xyl units to the 3- au 
hydroxyl groups of the rhamnose unit in 18 wai 
firmed as follows. Compound 19 was hydrolysed wi 
hydrochloric acid in methanol and the major prodiic 
methylated to give a compound (20) which show: 
hydroxyl absorption in the IR spectrum and three a? 
eric proton signals in the *H NMR spectr 
Methanolysis of 20 afforded three methylated sugarij: 
S-10 and methyl 2,4-di-O-methyl-rhamnopyranosid 1 
11), which indicated that 20 is the permethylar 
glucosyl-(l -> 3)-rhamnosyI-(l 2)-fucose. 

Accordingly, compound 16 is the 28-O-apiofuraxr 
(1 — 3H3-D-xylopyranosyl-(l - 4)-[0-r>glucopyran - 
(1 3)]-a-L-rhamnopyranosyl-(l 2)-D-fucopyrancf 
side of 12. The configurations of both D-fucopyran 
and D-apiofuranose were suggested to be fi by£ r 
anomeric proton signal of fucopyranose (doublet 
= 8 Hz) [12] in the l HNMR spectrum of 17 ail 
anomeric carbon signals of apiofuranose (311L2) ig 
l3 CNMR spectrum of 16. v5f 

Based on the structure of 16, compound 2 */ 
regarded to be 3-0-£-r>galactopyranosyl-(l -+ 2}*[jg 
xylopyranosyl-(l 3)]-/?-D-gIucuronopyranbsyl quiT 
acid 28-0-/?-r>apiofuranosyl-(l 3)-^-D-xylopyrantisy 
(1 -►4)-[£-r>glucopyranosyl-(l -» 3)]-a-L-rhamnopyS 
nosyl-(l 2)-/7-r>fucopyranoside. 

To our knowledge, two quillaic acid 3,25?' 
bisglycosides have been reported [9, 17], but the ^ 
desacylsaponins, 1 and 2, reported here are differenj|iff 
their sugar moieties from those described so -~ 
Diazomethane degradation was a useful method^ 
structure elucidation of the triterpene 3,28-O-bisglycosi 
as described in this paper. ' ' f " r 


EXPERIMENTAL 


AH raps are uncorr. Optical rotations were recorded at 
using a 1 dm cell l HNMR spectra were taken at 100 Mr&in 
CDC1 3 soln unless otherwise specified, using TMS as intei 
standard. I3 C NMR spectra were recorded at 25 MHz in C a Dj, 
(TMS as internal standard) unless otherwise noted, emplojy; 
the FT mode. The EI- and FAB MS were measured on a doub 
focusing mass spectrometer. The former were taken witfc 
accelerating potential of 3-6.5 kV and an ionizing potential] 
30-75 eV, and the latter at 1.5-3 k V for the ion source and 61K, 
for an Ar beam source; the spectra were obtained from glycert 
solns unless otherwise specified. FDMS were taken at 2-3 kV fc 
the field anode and at - 5 kV for the slotted cathode plate, at'ag 
ion source pressure of calO" 7 Ton and an emitter heating*^ 
current of 18-24 mA. Conditions of GLC {FID mode): (a)gja^f§ 
column (Unix 3 mm) packed with 10% 1,4-butanediol suefgg 
cinate on Shimalite W (60-80 mesh), column temp. 155°; (b) glass]; 
column (1.2 m x 3 mm) packed with 1 % neopenty! glycol sujc| 
cinate polyester on Chromosorb W(AW)-DMCS (60-80 rnesh^ t 
column temp. 130°. Solvent systems of TLC [silica gel. Crf|§ 
(reversed phase) and Avicel]: (a)CHClj-MeOH-HOAc-H 2 Qlg 
(15:9:1:2); (b) EtOAc-MeOH-H,0 (8:1:0.1k (c)CHOiW 
MeOH (10: 1); (d) C 6 H 6 -Me 2 CO (2: 1); (e) C 6 H«-Me 2 CO (4:ljfe 
(f) n-hexane-EtOAc (2: iy t (g) 60% MeOH; (h) upper layer of 
BuOH-pyridine-^O (6:2: 3) + pyridine (1); (i) upper layer of 
BuOH-HOAc-H 2 0 (4:1:5). ^ 
Isolation ofquitlajasaponin. Commercial quillaja bark (2.5 kg® 
(a voucher specimen of the crude drug is on file at the Faculty o||p 
Pharmaceutical Sciences, Kyushu University) was extracted with^S 
MeOH and the MeOH was evaporated in vacuo to leave t&ejl 
MeOH extract (420 g). the latter was partitioned between EtOAc 4 - 
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H 3 0, and the H 2 0 layer was passed through an Amberlite 
2 column and eluted with H a O and MeOH. Crude 
; (85 g) obtained by evaporation of the MeOH eluate 
treated with Sephadex LH-20 CC (eluate MeOH) to give 
fractions, fraction 1 (39 g) (quillajasaponin) and 2 (42 g). 
do 1 showing 7 spots (giving a dark-green colour after 
g with 5% H 2 S0 4 -MeOH followed by beating) on TLC 
gel (a)] was refluxed with 3.5 % HQ in 50 % EtOH for 3 hr 
jbe reaction mixture revealed a spot of quillak acid (R/ 0.40) 
LC [silica gel (c)] (identified with an authentic sample). 
iioD 2 showed two major spots (yellow colour by 5% 
) 4 -MeOH and heating) on TLC [silica gel (a)] and further 
u'gation was not carried out 

aline hydrolysis of quillajasaponin. Quillajasaponin (18 g) 
boiled with 6% NaHCOj in 50% MeOH (300 ml) for 1 hr, 
the reaction mixture was neutralized with Dowex 50W-X8 
(filtered. The filtrate showing spots of less polar and polar 
Dunds on TLC [silica gel (a)] was evaporated in vacuo and 
residue was cbromatographed on Sep had ex LH-20 (MeOH) 
two fractions, fractions 1 (5.0 g) (polar compounds, 
ylsaponins) and 2 [22 g) (less polar compounds, eliminated 
1-groups). Fraction 1 showing two major spots (R f 0.1 1, 0.07) 
: [silica gel (a)] was chromatographed on silica gel (eiuant 
;i 3 -MeOH-HOAc-H 2 0, 15:9:1:2) to give two fractions, 
ota 1' (Rj 0.11) and 2' (R/ 0.07). Each Traction showed a 
■ and a few minor spots on TLC [C-8(gJ] and each was 
atographed on C-8 (eiuant 50% MeOH) to give a major 
onent, DS-1 (1, 1.4 g) and OS-2 (2, 2.0 g) [R f 0.1 1 (1) and 
1(2), silica gel (a); R f 029 (1) and 0.35 (2), C-8 (g)]. 
S-l (1). White powder (from n-BuOH-H 2 0-MeOH), mp 
^258° (decomp.), [a] D -19.6° (H 2 0; c0.67). IRv**cm- 1 : 
(OH), 1 730 (carbonyl), 1610 (COO " ). FABMS (using Klas 
! tive) m/r. 1589 [M(C a9 H,oi,0 M )+2K-H]+ ' 
:6iH I0 7O 3 * COOK)+K] + . I3 CNMR: 594.8, 101.0, 
[1, 103.9, 104.5, 106.9, 1 1 1.0 (each d, anomeric C x 7), 1 76.0 (j, 
* \ 209.8 (rf, C-23). Compound 1 (40 mg) was refluxed with 2 N 
X in 50 % EtOH Tor 8 hr and then diluted with H a O, and the 
■ was collected by filtration. The ppL (crude aglycone) (10 mg) 
. chromatographed on silica gel (CHCl 3 -MeOH, 30 : 1 
5: 1) to provide 3 as colourless needles (from MeOH-H 2 0), 
; !256-260°, [a] D + 66.7° (MeOH; c 1.02). IR v^cm" 1 ; 3450 
173a 1715 (carbonyl). EIMS m/r 486[M(C 30 H 46 O 5 )]\ 
\ 246. Compound 3 was identified with an authentic sample of 
; acid, by mmp, TLC, IR and "CNMR. The H 2 0 layer 
I neutralized with Ba(OH) 2 so In, filtered and the filtrate was 
titrated. The residue was examined by TLC [Avicel (h) and 
, and Glr, Gal, Xyl, Fuc, Rham and Api were detected. 
05-2 (2)i White powder (from n-BuOH-H 2 0-MeOH), mp 
-261° (decomp.), [a] D -24.7° (H 2 0; c 1.00). IR v^'cm' 1 : 
(OH). 1730 (carbonyl), 1610 (COO"). FABMS 
KI as additive) m/z 1751 [M(C 7 sH tl() 0«,)+ 
fc^H] + - [(C 74 H II7 0 39 C00ICM-K]*. l3 CNMR; 595.0, 
01.9, 103.1, 103.6, 104.3, 104.5, 104.9, 110.8 (each d, anomeric C 
8), 1 76 J (5, C-28), 210.2 (d t C-23). On hydrolysis with acid under 
: same conditions as those for 1, compound 2 gave 3 and a 
gar mixture. The sugar mixture was found to consist of Glr, 
al, Xyl, Fuc, Rham, Api and Glc [TLC, Avicel (h) and (i)]. 
Akaline hydrolysis of 1 and 2 providing 4. Compound 1 
" Img) was refluxed with 2% KOH in 50% EtOH (10 mi) for 
hr and the reaction mixture was neutralized with dilute HC1 and 
ncentrated in vacuo. The residue showing a spot [R f 0.40) on 
" " [silica gel (a)] was passed through a Sephadex G-15 column 
^O) and a silica gel column (CHCl 3 -MeOH-HOAc-H 2 0, 
":9:l:2) to give a white powder (4) (from n- 
«OH-H 2 0-MeOH) (80 mg], mp > 300° (decomp.), [ot] D 
* 18.6° (H 2 0; c 0.73X IR v** cm " »: 3400 (OH), 1710 (carbonyl). 


1610 (COO"). FABMS m/z: 995 [M(C 4 ,H 72 Oao ) + 
1 J C NMR (C3D3N + D 2 0): 524.6 (£, C-2), 54.9 (s, C-4). 84.2 (rf, C- 
3), 102.7, 1019, 103.6 (each d, anomeric C x 3), 180.1 (s, C-28), 
210.1 (d t C-23). Compound 4 was bydrolysed with acid in the 
same manner as for 1 to provide 3 and sugars. The sugars were 
identified as Glr, Gal and Xyl [TLC, Avicel (h) and (i)]. 
Compound 2 (500 mg) was hydrolysed with alkali and worked up 
in the same manner as that for 1 to provide a white powder 
(200 mg) which was identical with 4 (mmp, TLC, IR and 
l3 CNMR). 

Preparation of 6 from 4. NaBH 4 (1.6 g) was added to a soln of 4 
(250 rag) in 50% MeOH (25 ml) under ice-cooling and the 
reaction mixture was stirred for 2 hr at room temp. Me 2 CO (2 ml) 
was added to the mixture and concentrated in vacuo, and the 
residue was passed through a Diaion HP20AG column (eiuant 
H a O MeOH). The MeOH eluate showing a spot {R f 0.36) on 
TLC [silica gel (a)] was evaporated in vacuo to give a white 
powder (230 mg), mp 275-277° (decomp), [a] D +3.8° (H 2 0; 
c 0.9). 1 3 C NMR: £64.2 (r, C-23), 175.0 (s, COOH of Glr), 182.4 (j. 
C-28), no CHO. The product (200 mg) was treated with NaH 
(500 mg) and Mel (5 ml) in DMSO (20 ml) (Hakomori method) 
and the reaction mixture was diluted with HjO, extracted with 
Et 2 0 and the Et a O layer was washed, dried and evaporated. The 
residue was chromatographed on silica gel (QH 4 -Me 2 CO, 7: 1) 
to give a major product as a white powder (5) (150 mg). 
IRv^cm' 1 : 1760 (Glr-COOMe) [11], 1720 (28-COOMe) 
[18] f noOH. l HNMR:<5435(lH,rf,y - 7 Hz.anoraeric H),4.87 
(IH, rf, J - 7 Hz, anomeric H), 4.96 (1H, d, J « 8 Hz, anomeric 
HJ. FDMS m/r. 1127 [M(C„H M 0 2 o) + H]*. Compound 5 
(100 mg) in MeOH ( 10 ml) was reduced with NaBH 4 ( 12 g) as for ' 
4. Me 2 CO (2 ml) and H 2 0 (2 ml) were added to the mixture and 
evaporated in vacuo, and the residue was diluted with excess H 2 0 
and extracted with CHC1 3 . The CHG 2 layer was washed, dried 
and concentrated, and the residue showing a spot {Rj 0.53) {R f of 
5, 0.77) on TLC [silica gel (d)] was methylated by the Hakomori 
method. The crude methylated product was chromatographed on 
silica gel (C 6 H fl -Me 2 CO, 7:1) to give 6 as a white powder 
(23 mg). IRv^cm" 1 : 1720 (28-COOMe), no OH. l HNMR: 
a3.30(6H,s,OMex2), 3.35, 3.37,3.46 (eachs,3H,OMe x 3), 3.50 
(9H, 5, OMe x 3). 3.53, 3.55 (each j, 3H, OMe x 2), 3.59 (6H, 5, 
OMe x 2), 4.24 (IH, rf, J - 7 Hz, anomeric H), 4.92 (IH, d % J 
» 7 Hz, anomeric H), 5.02 (IH, rf, J = 8 Hz, anomeric H). 

Methanolysis of 6. Compound 6 (35 rag) was boiled with 10% 
HO in MeOH (4 ml) for 2 hr, the mixture was neutralized with 
Ag 2 C0 3 and filtered. The filtrate was evaporated and the residue 
(methanolysate) was examined by TLC [silica gel (0 and (d)] and 
GLC [conditions (a) and (b)]; one aglycone (7) and three 
methylated sugars were detected. The sugars were identified as S- 
1, S-2 and S-3 by direct comparison with authentic samples. The 
methanolysate was chromatographed on silica gel 
(C 6 H 6 -Me 2 CO, 80: 1 Me 2 CO) to give 7 (10 mg). Compound 7 
was acetylated with Ac 2 0-pyridine as usual to give an acetate 
(8) (5mg) as colourless needles (from MeOH~Me 2 CO), 
mp 207-210°. IR cm' 1 : 1730(ester), no OH EIMS m/r. 572 
[M(C 35 H 5 60 6 )]\ 291 'HNMR: £Z04 (3H, s, OAc), 2.93 and 
3.10 (IH each, d, J - 10 Hz, H 2 -23X 3.25, 3 29, 3.59 (each s, 3H, 
OMe x 3), 3.91 (IH, br s, H-16), 4.92 (1J1, Mike, J « 8 Hz, H-3). 

Preparation and methanolysis of 9. Compound 6 was heated 
with 2% HO-McOH for 8hr at 60° and worked up as before. 
The mixture showing two major spots [R r 0.28(6), 0.14] on TLC 
(silica gel; C 6 H 6 -Me 3 CO, 5:1) was chromatographed on silica gel 
(n-bexane-Me 2 CO, 5 : 1) to give a compound {R f 0. 14) which was 
methylated by the Hakomori method and worked up as before to 
yield 9 as a white powder. IR v£g* cm" l : 1720 (ester), no OH. 
'HNMR: «.28 (6H, s. OMe x 2), 3.32, 335, 339 (each s, 3H, 
OMe x 3), 3.51 (9FU OMe x 3), 3.60, 3.65 (each s, 3H, OMe x 2), 


234 


424 (1H, d, JW8ftt ; anbinerter^^ 

anomeric H). Compound ?\^suDjectetf & methanolysis as for 

6, and 7: S-2 and S4 ^ ooSwe^P^ silica gel (f), GLC (a)]. 

Diazomethane ^a^ntfi providing 11. A sob of CH 2 N 2 
m Et 2 0 (IsaSlj • f pbuiwl into a soln of 1 (1.1 g) in MeOH 
(300 ml) under cooling with ice. The mixture was left to stand for 
t hr at room temp- excess CH 2 N 2 was decomposed with HOAc 
and the solvents were removed by distillation. The crude reaction 
mixture revealing two major spots [R f 0.51 and 0L27) in TLC 
[silica gel (a)] was chromatographed on silica gel 
(CHa 3 -MeOH-H 2 0, 8:3:0.3) to give a substance (white 
powder, R/027) (a mixture of the related compounds of the 
methyl ester of 1 and trisacchartdes derived from the 3-0-sugar 
residue in 1 [13]) and 11 (white powder, 164 mg, R f 0.51), mp 
198-201° (decomp.). W D - 30.4° (MeOH; c 1.65). IR vj* cm " >: 
3400 (OH), 1735 (ester). FAB MS m/z: 1079 [M(C 5 jH w 0 2l ) 
+Na]<\ I3 CNMR:*94.8, 101.2. 106.9. 111.1 (each d, anomeric C 
x 4), 176.1 (s, C-28). Compound 11 was boiled with 2 N H 2 SO* 
for 2 hr and the reaction mixture was extracted with CHQj. The 
CHClj layer showing a spot (R f 021) on TLC [silica gel (e)] was 
washed, dried and evaporated to give 12, which was methylated 
with CH 2 N 2 -Et 2 0 in MeOH affording a compound cor- 
responding with an authentic sample of 10 [TLC (e), IR, 
1 H NMR and 1 3 C NMR]. The aq. layer was treated as for 1 and 
Fuc Rham, Xyl and Api were detected [TLC, Avicel (h) and (i)]. 

Synthesis and methanolysis of the permethylate (13) of 11. 
Compound 11 (40 mg) was methylated by the Hakomori method 
as before, and the reaction mixture was diluted with H 2 0, 
extracted with CHC1 3 and the CHC1 3 layer was washed, dried 
and evaporated. The residue was passed through silica gel 
(n-hexane-Me 2 CO, 2: 1) and aSephadex LH-20 (MeOH) column 
to give 13 as a white powder (16 mg). IR v gg» cm ~ ': 1750 (ester), 
no OH. FDMS m/r. 1210 [M(Q 4 H l06 O 21 )] + . l HNMR: ,54.63 
(1H, d, J » 8 Hz, anomeric H of Xyl), 5.24 (1H, d, / = 1 Hz. 
anomeric H of Rham), 5J7 (lH,d, J « 8 Hz, anomeric H of ester 
glycoside fucose [19]), 5.46 (1H, d, / - 2 Hz, anomeric H of Api 
[20]) (anomeric H signals were assigned by comparison with 
those observed in the 'HNMR spectrum of 17, and with the 
reported 5 and J values [19, 20]). Compound 13 was meth- 
anolysed and worked up in the same manner as that for 6. The 
methanolysate was examined by TLC [silica gel (d)] and GLC 
[condition (a)], and S-5, S-6, S-7 and S-8 were detected. Silica gel 
CC of the methanolysate (n-hexane-Me 2 CO, 6:1) afforded an 
aglycone (14). EIMS m/r. 528 [M(C„H 52 O s )]\ 278. 

Partial metaanalysis of 11 yielding 15. Compound 11 (300 mg) 
in 2 % HO-MeOH (20 ml) was left to stand for 2.5 hr at 40°, and 
the reaction mixture was treated with AgjCO*, filtered and 
evaporated. The residue giving three spots [R, G.84(12X 0.61 
(methyl ^D-apiofuranoside) and 031] on TLC [silica gel (a)] 
was chromatographed on silica gel 
(CHCly-MeOH-HOAc-HaO, 15:8: 1:1) and Sephadex LH-20 
(MeOH) to yield 15 (R 7 0^1) (31 mg) as a hygroscopic powder, 
M D + 1 1.8° (MeOH; c 1.00). IR v** cm" »: 3400 (OH). FAB MS 
m/r. 479 [MtCuH^Ou) +Na] + . I3 CNMR: see Table 1. 
Compound 15 was boiled with 2 N H 2 SO« for 2 hr and treated as 
usuaL The hydrolysate was examined by TLC [ Avicel (h)and (i)], 
and Xyl, Rham and Fuc were detected. 

Diazomethane degradation of 2 affording 16. Compound 2 
(10 g) in MeOH (150 ml) was treated with CH 2 N 2 -Et 2 0 
(130 ml) and worked up as for 1. The crude reaction mixture 
showing three spots (R f 0.42, 0.27 and 0.21) on TLC [silica gel 
(a)] was chromatographed on silica gel (CHCl 2 -MeOH-H 2 0, 
6:4:0.3) to give substances of R f 021 (3-O-trisaccharide residues 
in 2), Rj 0.21 (related compounds of the methyl ester of 2) and R f 
0.42 (16) (a white powder, 508 mg), mp 21 1-214° (decomp.), [a] D 
-40.4° (MeOH; c 3.23). IR v** cm* >: 3420 (OHJt 1735 (ester* 


FAB MS m/r 1241 [M(C 59 H w 0 26 ) + Na]*. I3 CNMR^ 
102.G, 104.8, 105.2, 1 1 12 (each d, anomeric C x 5), 175.9 (s, <, 
On hydrolysis with acid under the same conditions as fori 
gave 12 and a sugar mixture. The sugar mixture was f 
consist of Fuc, Rham, Xyl, Api and Glc [TLC, Avicel (h) 

Preparation and methanolysis of 17. Compound 16 (300 
was methylated by the Hakomori method and worked v* ;s 
same manner as for 1 1 to provide a permethylate ( 1 7) (88 
white powder. IR v^cra" 1 : 1755 (ester), no OH. FDM#! 
1414 [M(C, 3 H l22 0 26 )] + . 'HNMR: £4.68 (1H, d, 
anomeric H of xylose), 4.82 (1H, d, J - 7 Hz, anomeric H of 
5.05 (1H, d, J - 2 Hz, anomeric H of Rham), 5.39 (1H? 
- 8 Hz, anomeric H of Fuc), 5.41 (1H, d, J - 2 Hz, andine^ 
of Api) (anomeric H signals were assigned by comparison 
the l H NMR spectrum of 13). Compound 17 was methanol 
and the methanolysate was examined as for 13. Compound U 
5, S-6, S-8, S-9 and S-10 were detected [TLC silica gel (dfcjQ 
(a)]. 

Partial methanolysis of 16 yielding 18. Compound 16 (450^ 
was treated with 2 % HO-MeOH for 1.5 hr and worked upas 
11. The residue showing the spots of 12, methyl apiofurahqs 
and 18 [R f 022) on TLC [silica gel (a)] was chromatography 
silica gel (EtOAc-MeOH-H 2 0, 6:4:0.4) and Sephadex ~" 
(MeOH) to give 18 (145 mg) as a white powder, mp 17 
Md-3.2° (MeOH; c3.73* IR vg* cm*' : 3380 (OH). FAB 
m/r. 619 [MfC^HwO,.) + H] + . I3 CNMR: see TaoL™ 
Compound 18 was hydrolysed with acid and worked up as forilf 
Xyl, Glc, Rham and Fuc were obtained [TLC Avicel (h) and 
Synthesis of 19 and Us methanolysis. In the same manner «T 
for 11, compound 19 (63 mg) was prepared from 18 (120 " 


the Hakomori method. IRv^cm" 1 : no OH. EIMS'm/cf75gS 
[M(C34H 62 O u )]\ Compound 19 was methanolysed as for^ 
to give S-8, S-9, S-10 and S-l [TLC silica gel (d\ GLCfajf* 

Preparation of 20 and its methanolysis. Compound 19 (50 m&« 
was methanolysed with 5% HO-MeOH (3 ml) tor 3 hr aVSl* 
and worked up as before, and the residue (partial methanolysa§| 
was chromatographed on silica gel (n-hexane-Me 2 CO, 3:i)*to; 
give a major product (R / 0.09) [TLC silica gel : (i£ 
hexane-Me 2 CO, 3:1)] (R f of 19, 0.18). The major product was? 
methylated by the Hakomori method and treated as usual toyi® 
20 (8 mg) as a colourless syrup. IR v cm * 1 : no OH. 1 H NmB 
$3.33, 3.34, 3.47, 3.53, 3.57. 3.60^ 3.62 (each 5, 3H, OMe x 7% W 
(6H,s,OMex2),4.45(lH,d,J« 7 Hz, anomeric H), 4.77 (ltifil 
J - 4 Hz, anomeric HX 4.95 (1H, d, J = 2 Hz, anomeric rlf 
Methanolysis of 20 as before afforded S-8, S-10 and S-ll rf£fe 
silica gel (dX GLC (a)]. # " 


Acknowledgements- -We are grateful to Dr. H.-R. Schulteri 
Fachhochschule Fresenius (West Germany) for the autheni 
sample of quUIaic acid, and to Dr. K. E Murray and MiSJ 
D. Fenwick of CSIRO (Australia) for the commercial quillajj| 
bark. Thanks arc also due to Mr R. Isobe, Mr. A. Tanaka an<£ 
Miss K. Soeda of the Faculty of Pharmaceutical Sdences^ 
Kyushu University, for FAB-, FI>- and EI-MS, 1J C NMR anji] 
1 H NMR data, respectively. This work was supported in part byl| 
Grant-in-Aid for Scientific Research (Nos. 56771044 ano| 
56470119) from the Ministry of Education which is grateiuliyj 
acknowledged. 


REFERENCES 

Stahl, E (1962) Lehrbuch der Pharmakognosie, p. 221. Gusttyl 
Fischer, Stuttgart : vaf 

Richou, R, Ullouette. P. and Rkhou, H. (1969) Bm 


/ 


Saponins from Quiltaja saponaria 235 


iioi Ther. Antimicrob. 33, 155. 
&ard, K. (1974) Arch. Gesamte Virusforsch. 44, 243. 
D. U Hunan, R. J., Fenwick, D. E and Oakenfull, 
g?(i980) Ptoc. Nutr. Soc. Aust. 5, 195. 

Ketpert, M and Linzer, & (1966) Pharmazie 21, 

•v. 

gitke, H. a, Kayser, J. R. and Hiller, K. (1970) Pharmazie 
133. 

nob, R. A. and Denlofcu, V. (1969) Experientia 2S, 124. 
~~ehL R„ Kawasaki, T- Biswas, Pandey, V. B. and 
igupta, B. (1982) Phytochemistry 21, 907. 
; ^oto, M„ Okabc, H., Yamaucfai, T., Tanaka, M„ 
kutani, Hara, S., Mihashi, K. and Higuchi, R. (1985) 
ii Pharm. Bull. 33, 464. 
omori, S. (1964) J. Biochem. {Tokyo) 55, 205. 
giichi, R., Fujioka, T„ Iwaraoto, M„ Komori, T„ 
wasaki, T. and Lassak, E V. (1983) Phytochemistry 22, 


12. Kitagawa, L, 1m, fC. S. and Yoshioka, L (1976) Chem. Pharm. 
Bull. 24, 1260. 

13. Higuchi, R^ Tokiraitsu, Y„ Hamada, N„ Komori, T. and 
Kawasaki, T. (1985) Justus Uebig's Ann. Chem. 1 191 

14. Kasai, R„ Suzuo, M, Asakawa, J. and Tanaka, O. (1977) 
Tetrahedron Letters 175. 

15. Tori, K, Seo, S„ Yoshiraura, Y„ Arita, H. and Tomita, Y. 
(1977) Tetraliedron Letters 179. 

16. Konoshima, T. and Sawada, T. ( 1982) Chem. Pharm. Bull. 30, 
2747. 

17. Puiicva, Zh. M„ Gorovits, T. T„ Kondratenko, E S. and 
Abubakirov, N. K. (1979) Khim. Prir. Soedin. 176. 

18. Higuchi, R„ Miyahara, K. and Kawasaki, T. (1972) Chem. 
Pharm. Bull. 20, 1935. 

19. Higuchi, R. and Kawasaki, T. (1972) Chem. Pharm. Bull. 20, 
2143. 

20. Nohara, T„ Komori, T. and Kawasaki, T. (1980) Chem. 
Pharm. Bull. 28, 1437. 


Vaccine 20 (2002) 2808-2815 ^___^ = __ 

www.elscviex.com/locaie/vaccinc 


QS-21 structure/function studies: effect of acylation on adjuvant activity 

Gui Liu*, Christine Anderson, Heidi Scaltreto, Jeffrey Barbon, Charlotte R. Kensil 

Antigenic* Inc., 173 Crossing Boulevard, Framingham, MA 01702-4473, USA 
Received 29 November 2001 ; received in revised form 11 February 2002; accepted 6 March 2002 


Abstract 

QS-21 is a natural saponin adjuvant derived from the tree Quillaja saponaria Molina. Previous studies over a WmtpA dose range 
suggested the acylation is critical to adjuvant activity. In this study, we prepared DS-1 (deacylated QS-21) and RDS-1 (reacylated DS-1 
with dodecylainine at a different site than QS-21) to determine the effect on a dose-response curve over a wider range in mice. DS-1 and 
RDS- 1 induced IgG 1 responses at higher doses compared to that induced by QS-2 1 . DS- 1 was inactive for inducing IgG2a or CTL responses 
at any doses. RDS-1 showed moderate IgG2a response at 240 jxg, but did not show CTL response at any dose evaluated. © 2002 Elsevier 
Science Ltd All rights reserved 

Keywords: Adjuvant; QS-21; Stiuctnre/fanction; DS-1; GF1-0100 
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1. Introduction 

QS-21 is a highly purified immunological adjuvant de- 
rived from the bark of the South American tree Quillaja 
saponaria Molina [1-4]. It is a water soluble triterpene 
glycoside with amphiphilic character that can be mixed 
with a soluble antigen resulting in a fully soluble vaccine 
formulation or that can be combined with emulsion or min- 
eral salt adjuvants. This molecule promotes both humoral 
and cell-mediated immunity when added to parenteral or 
mucosal vaccine formulations [5-11]. QS-21 is currently 
under clinical evaluation for various vaccines [12] and has 
been tested in more than 3000 patients in 60 clinical trials. 
In recent clinical studies, QS-21 was shown to be more 
effective than aluminum hydroxide in stimulation of an 
antibody response to a malaria peptide vaccine [13] and to 
low dose HIV-1 gpl20 [14]. QS-21 has also been used in 
clinical vaccines to induce cellular immune responses. A 
tyrosinase peptide vaccine containing QS-21 was shown to 
induce CD8 + T-cells in a subset of patients in a metastatic 
melanoma clinical study [IS]. 

In contrast to the majority of saponins from other 
species, QuiUaja saponins are acylated. The three most 
predominant saponins (QS-17, QS-18 and QS-21) are acy- 
lated at the 4-hydroxyl position of fucose with two linked 
3^-dihydroxy-6-methyloctanoic acids containing a glyco- 
sylation site at the 5-OH position of one of the acyl chains. 
This acylation may be critical for adjuvant activity. Deacy- 
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lated QS-18 and QS-21, each evaluated in mice at a 10 p,g 
dose, were shown to induce a lower total IgG response to 
bovine serum albumin than that induced by the native acy- 
lated forms [2]. The deacylsaponin of QS-21 (termed DS-1) 
was evaluated as an adjuvant for antibody response (over the 
dose range of up to 40 jig) and CTL response (single dose of 
10 \ig) against ovalbumin in mice [16]. In contrast to QS-21, 
DS-1 did not stimulate a strong level of antibody (measured 
as total anti-OVA IgG) or OVA-specific CTL responses. 
The corresponding fatty acid fragment also appeared to be 
inactive [16]. Recently, Marciani et al. [17] reported on a 
preparation of semisynthetic triterpenoid saponins known as 
GPI-0100. GPI-0100 was prepared by deacylating a crude 
mixture of Q. saponaria saponins and then coupling do- 
decylamine with the carboxyl group of the glucuronic acid 
residue of the deacylated saponins through an amide bond. 
GPI-0100 was used as a reaction mixture without further 
purification. It was reported that GPI-0100 can stimulate a 
Thl antibody isotype profile (IgG2a) as well as CTL pro- 
duction against exogenous antigens. A dose of >200 fig of 
GPI-0100 was equivalent to a dose of 10 tig of the corre- 
sponding native saponins for CTL response to OVA. The 
adjuvant activity of the deacylsaponin intermediates was 
not reported. 

In this study, we compared the adjuvant activity of DS-1 
(deacylated QS-21) and deacylated crude saponins (crude 
deacylsaponins) to QS-21 over a broad dose range. RDS-1 
(HPLC purified GPI-0100 analogue of QS-21) and GPI-0100 
were prepared and compared in an effort to understand the 
importance of acylation to the adjuvant activity of Quillaja 
saponins. 
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2. Materials and methods 

2.1. Synthesis of saponin analogues 

Quillaja saponins were extracted from coarsely chopped 
Q. saponaria bark by previously described method [1]. 
A^-dicyclohexyl-carbodiimide (DCC), tf-hydroxysuccini- 
mide (NHS), dodecylamine and pyridine were purchased 
from Aldrich Chemical Co. (Milwaukee, WI, USA). Ethyl 
acetate, acetonitrile and water were obtained from VWR 
Scientific (Boston, MA, USA). Triethylamine and trifluo- 
roacetic acid (TFA) were purchased from J.T. Baker Inc. 
(Phillipsburg, NJ, USA) and Pierce (Rockford, EL, USA) 
respectively. All solvents were HPLC grade. Electrospray 
ionization (ESI) mass spectra were measured at Mass 
Consortium (San Diego, CA, USA). NMR spectra were 
recorded on a Varian-400 NMR Instrument at Jing Hong 
Custom NMR services (Cambridge, MA, USA). Saponin 
derivatives were analyzed by analytical high performance 
liquid chromatography (HPLC) by using a Vydac C4 col- 
umn (4.6 mm x 25 cm, 5\xm particles) and eluted for 
30min with a 30-48% aqueous acetonitrile linear gradient 
in 0.15% TFA, followed by 15min of 48% acetonitrile in 
0.15% TFA. The flow rate was 1 xnl/min and the effluent 
was monitored by an UV detector at 214 nm. 

2.1.1. Preparation ofDS-1 (deacylated QS-21) 

DS-1 was prepared by deacylation of QS-21 as described 
previously [16]. 

2.1.2. Preparation of deacylated crude saponins (crude 
deacylsaponins ) 

Crude Quillaja saponins (1.0 g) were dissolved in 50 ml 
water, then 0.76 g triethylamine was added to adjust a final 
concentration of 0.15 M triethylamine (pH 12). After the 
mixture was stirred at 40-50 °C for lh, the reaction was 
terminated by adding acetic acid to adjust the pH to 7.0. The 
reaction mixture was then extracted with ethyl acetate and 
lyophilized. The final product was a white solid (0.82 g). The 
primary products of the reaction are DS-2 (deacylsaponin of 
QS-17 and QS-18) and DS-1 (deacylsaponin of QS-21). 

2.7.5. Preparation of RDS-1 (reacylation of DS-1 and 
HPLC purification) 

RDS-1 was prepared by mixing DS-1 (50 mg), dodecy- 
lamine (12 mg), NHS (7mg), DCC (12 mg) and pyridine 
(1.0 ml). The reaction was stirred for 3 days at room tem- 
perature under N2. Distilled water (0.1 ml) was added and 
the mixture was stirred for an additional 6h to quench the 
reaction. Precipitated material was removed by centrifuga- 
tion and then the mixture was evaporated on a rotary evap- 
orator under vacuum to nearly dryness. The product was 
precipitated by adding 10 ml ethyl acetate and collected 
by centrifugation. The precipitate was washed twice with 
2 ml ethyl acetate to afford a white solid (46 mg). ESI-MS 
(positive): mlz 1703 [Af (DS-1 + dodecylamine) + Na] + , 


1742 [Af (DCC adduct of DS-1 +DCQ +Na]+ 1848 
[Af (diadduct of DS-1 + 2x dodecylamine) + H]+, 1870 [Af 
(diadduct of DS-1 + 2 x dodecylamine) + Na] + , 1887 [Af 
(diadduct of DS-1 + dodecylamine + DCC) + H] + , 1909 
[Af (diadduct of DS-1 + dodecylamine + DCC) + Na] + . 

A solution of lOmg/ml of the above white solid in 30% 
aqueous acetonitrile containing 0.15% TFA was kept for 
1.5-3 days at room temperature in order to allow all di- 
adducts to decompose back to the aldehyde forms. Then 
0.15 ml of the solution was injected into analytical HPLC 
and the peaks at 27-29.5 min and 33-38 min were collected 
separately (no TFA mobile phase was used). A total of five 
runs were carried out and the pools at 27-29.5 min and 
33-38 min were combined, respectively. Acetonitrile was 
removed by rotary evaporation under vacuum at ~20 °C and 
the residues were dried by lyophilization to yield 0.8 mg 
DCC adduct product (27-29.5 min) and 4.2 mg RDS-1 
(33-38 min) respectively. RDS-1 was obtained as a white 
solid. ESI-MS (positive): mlz 1703 [Af + Na] + . ! H-NMR 
(400MHz, DMSO-de): S 9.45 (aldehyde), 1.20 (the dodecyl 
CH2 groups). The DCC adduct product was also obtained 
as a white solid. ESI-MS (positive): mlz 1742 [Af + Na] + . 
'H-NMR (400 MHz, DMSO-de): S 9.50 (aldehyde). 

2.1.4. Preparation ofGPl-0100 (reacylation of crude 
deacylsaponins) 

The mixture of above deacylsaponins (100 mg), dodecy- 
lamine (24 mg), NHS (14 mg), DCC (24 mg) and pyridine 
(1.5 ml) was prepared and stirred for 3 days at room temper- 
ature under N2. Then the reaction was quenched by adding 
0.1 ml distilled water and stirred for an additional 6 h. After 
the precipitated material was removed by centrifugation, 
the mixture was evaporated on a rotary evaporator under 
vacuum to nearly dryness. The product was precipitated by 
adding 10 ml ethyl acetate and collected by centrifugation. 
The resulting white solid was washed twice with 2 ml ethyl 
acetate to yield crude GPI-0100 (67 mg). ESI-MS (positive): 
mlz 1703 [Af (DS-1 + dodecylamine) -f Na] + , 1865 [Af 
(DS-2 + dodecylamine) + Na] + , 1742 [Af (DS-1 + DCC) 
+ Na]+ 1904 [Af (DS-2 + DCC) +Na]+. *H-NMR 
(400MHz, DMSO-d6): 8 9.42 (aldehyde), 1.20 (the dodecyl 
CH2 groups). 

2.2. Immunization studies 

2.2.1. Immunization protocol 

Immunizations were carried out in C57BL/6 mice 
(female, 8-10- week-old at the time of the first immunization, 
10 mice per group). The test vaccines consisted of 25 \ig of 
the ovalbumin antigen (OVA, Grade VI, Sigma) and varying 
doses of the test adjuvant in a total volume of 0.2 ml phos- 
phate buffered saline (PBS). Ovalbumin antigen (25p.g). 
itself without an adjuvant in a total volume of 0.2 ml PBS 
was used as a control and served as the "zero" adjuvant point 
for all groups. Vaccines were administered via the subcuta- 
neous route and animals were immunized twice at a 2- week 
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interval (on days 0 and 14). Sera were collected 2 weeks af- 
ter the second immunization for analysis by enzyme-linked 
immunosorbent assay (ELISA). Splenic mononuclear cells 
were collected 2 weeks after the last immunization for use 
as effector cells in the cytotoxic T-Iymphocyte assay [9]. 

2.2.2. Immunological assays 

Anti-OVA serum responses for IgGl and IgG2a isotypes 
were determined by ELISA assays as described previ- 
ously [5]. Cytotoxic T-Iymphocyte responses, assayed as 
described previously [9], were measured as lysis of syn- 
geneic target lymphoma cell lines (E.G7-OVA and EL4). 
The lytic effector cells were immunization-primed spleno- 
cytes, stimulated to mature to functional CTL by a 6-day 
in vitro culture with antigen (denatured OVA or mitomycin 
C-treated E.G7-OVA cells). Cytotoxicity was measured as 
lysis of 51 Cr-labeled target cells by splenocytes. The percent 
of 51 Cr release due to cytotoxicity was calculated as 100 
x (experimental release — spontaneous release)/(maximum 
release — spontaneous release) where Tnaiimnm release 
was measured after lysis of target cells with 1% NP-40 
detergent and spontaneous release was measured after in- 
cubation of target cells with medium. The lysis of EL4 
cells was subtracted from the lysis of E.G7-OVA cells to 
determine the percent antigen-specific cytotoxicity. 

2.3. Hemolytic activity 

An in vitro assay on red blood cells was used to screen 
QS-21 or analogues for hemolytic effects. Dulbecco's 
PBS (without calcium and magnesium) was dispensed in 
100 til aliquots to a 96- well U-bottom plate. QS-21 or ana- 
logues were serially diluted 1/2 into the buffo- on the plate. 
Twenty-five microliters of sheep red blood cells (Biowhit- 
taker), washed and diluted in PBS, were added to each 
well. The plates were incubated at room temperature for 
30 rain, centrifuged, 75 of the supernatants transferred 
to a flat-bottom 96-well plate and absorbance determined 
at 570 run as a measure of released hemoglobin from the 
red cells. All analogues were assayed in triplicate. The 
concentration of QS-21 or analogues corresponding to 50% 
hemolysis was determined in each assay. 


3. Results and discussion 

5. L Synthesis of saponin analogues 

RDS-1 (GPI-0100 analogue of QS-21) and GPI-0100 
were prepared by the literature method [17] from DS-1 and 
crude deacylsaponins, respectively. RDS-1 was purified by 
HPLC and GPI-0100 was used as a reaction mixture with- 
out further purification. Our results (based on MS analysis) 
showed that the reacylation reaction of DS-1 resulted in 
a mixture of four major products, RDS-1, a DCC adduct 
formed by coupling DCC with DS-1 and two diadducts (both 


the carboxy group and the aldehyde group were coupled with 
the hydrophobic chain). The primary GPI-0100 products 
consist of two amides by coupling dodecylamine with DS-1 
(RDS-1) and DS-2 (RDS-2) as well as two amides by cou- 
pling DCC with deacylsaponins (DCC adducts) (for chem- 
ical structures, see Fig. l f for HPLC profiles, see Fig. 2). 

5.2. Stability and solubility of GPI-0100 

Although GPI-0100 was soluble in PBS at lmg/ml, 
RDS-1 was poorly soluble in PBS and it could not be 
filter-sterilized. The imine forms and diadducts were not 
stable in solution. They decomposed back to the aldehyde 
forms immediately in PBS solution and slowly in 30% 
aqueous acetonitrile solution with or without 0.15% TFA 
(data not shown). 

5.5. Immune responses 

5.5.7. Antibody responses 

The adjuvant effect of QS-21, DS-1, crude deacyl- 
saponins, RDS-1 and GPI-0100 were evaluated in C57BL/6 
mice. All compounds were evaluated over a broad range 
of doses together with 25 \Lg OVA. All analogues were 
shown to stimulate a similar maximum IgGl response to 
optimal dose QS-21 (Fig. 3). However, the minimum dose 
required for maximum stimulation for all compounds was 
increased by several fold compared to native QS-21. There 
was a larger dose-shift between the analogues for IgG2a 
response (Fig. 4). DS-1 did not induce IgG2a at any dose 
evaluated (up to 240 jig). The rank order for the other com- 
pounds for minimum effective dose was QS-21 (minimum 
effective dose for 10-fold increase = 10 p,g) <C GPI-0100 
= crude deacylsaponins ( minimum dose for 10-fold in- 
crease ~160jtg) < RDS-1 (minimum dose for 10- fold 
increase ~240 pug). There was minimal difference for stim- 
ulation of antibody responses between GPI-0100 and crude 
deacylsaponins, as well as between RDS-1 and DS-1. This 
result indicated that addition of the lipophilic chain (do- 
decylamine) to the carboxyl group of the deacylsaponins 
does not significantly affect the adjuvant activity of these 
compounds for antibody response. 

5.5.2. CTL response 

DS-1 and RDS-1 elicit very low level CTL responses at 
all evaluated doses up to 240 tig- GPI-0100 and crude dea- 
cylsaponins can stimulate a very high level CTL response at 
high doses similar to optimal dose QS-21 (Fig. 5). Similar 
to antibody responses, there is no significant difference in 
the induction of CTL response between RDS-1 and DS-1, as 
well as between GPI-0100 and crude deacylsaponins. There- 
fore, addition of the lipophilic chain (dodecylamine) to the 
carboxyl group of the deacylsaponins does not significantly 
affect the adjuvant activity of these compounds for CTL re- 
sponse. 
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Fig. 2. HPLC profiles of (a) crude Quillaja saponins; (b) crude deacylsaponins; (c) GPI-0100; (d) reactioa mixture of reacylatioa DS-1; (e) HPLC purified 
RDS-1. 


Table 1 

Fifty percent hemolysis by QS-21 or saponin derivatives (^g/ml) 


QS-21 
DS-1 

Crude deacylsaponins 

RDS-1 

GPI-0100 


9.5 
93.0 
783 
>500 
54.7 


3.4. Hemolysis results 

QS-21 is known to be a mild surfactant One of the mea- 
sures of this is a hemolytic assay on sheep red blood cells. 
This was compared between QS-21 aid die analogues. 
RDS-1 was shown to be more than 100-fold less hemolytic 
than QS-21 as determined by the concentration required 
to produce 50% lysis. Similarly, DS-1 was shown to be 
less hemolytic than QS-21 by approximately 10-fold. The 
GPI-0100 and crude deacylsaponins were also shown to 
be several fold less hemolytic than QS-21 (Table 1). The 


dramatic decrease in hemolytic activity of RDS-1 may be 
due, in part, to its poor solubility. 

3.5. Summary 

DS-1, crude deacylsaponins, RDS-1 (HPLC purified 
GPI-0100 analogue of QS-21) and GPI-0100 were pre- 
pared and their immune adjuvant activities were evaluated. 
Similar to previous results, QS-21 was found to stimulate 
IgGl , IgG2a and CTL responses at doses of 10 \ig or lower. 
DS-1 was compared over a .wide dose range to determine 
the effect of the acyl chain on adjuvant activity. A previ- 
ous evaluation of DS-1 suggested that DS-1 was generally 
inactive for induction of antibody responses at doses up to 
40 p,g [16]. In this study, DS-1 was shown to stimulate IgGl 
response at high doses, but not IgG2a. The difference may 
be due to the measurement of a subset of IgG in this study 
(IgGl isotype) rather than the measurement of total IgG in 
the previous study. The lack of activity for CTL response 
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Fig. 3. Dose-response curves for QS-21, DS-1. crude deacylsaponins, RDS-1 and GPI-0100 for stimulation of IgGl to OVA. C57BL/6 mice (10 per group) 
were fr™™™i«*i by subcutaneous route at days 0 and 14 with 25 p.g OVA and the in d i c ated dose of adjuvant OVA-spednc IgGl was determined by 
ELISA on pooled sera collected at day 28. Two-tailed Mann-Whitney statistical analysis indicated mat all evaluated QS-21, DS-1, crude deacylsaponins, 
RDS-1 and GPI-0100 dose groups are statistically significant compared to the ova control group (P < 0.05). If the analogues groups are compared with 
the equivalent dose QS-21 group, all are statistically significant (P < 0.05) except the comparison of 80|Lg GPI-0100 group to 80u.g QS-21 group. 
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Fig. 4. Dose-response curves for effect of QS-21, DS-1, crude deacylsaponins, RDS-1 and GPI-0100 on IgG2a. C57BL/6 mice (10 per group) were 
tmrnnniy^H by subcutaneous route on days 0 and 14 with 25 tig OVA and the indicated dose of adjuvant OVA-specific IgG2a was determined by ELISA 
on pooled sera collected 2 weeks after die last immunization. Two- tailed Mann-Whitney statistical analysis indicated that all evaluated QS-21 dose groups 
are statistically « gnifi«»it compared to the ova control group (P < 0.05); all evaluated dose groups of DS-1 are not statistically significant compared to 
the OVA control group (P > 0.05); only the high dose crude deacylsaponins groups (160, 240 jig), the high dose RDS-1 group (240 jig) and the high 
dose GPI-0100 groups (160. 240 pg) are statistically significant compared to the OVA control group (P < 0.05). Compared to QS-21 (the same dose 
group comparison), all analogue groups are statistically significant (P < 0.05). 


(measured previously only at 10u.g) was confirmed and 
found to extend to higher doses up to 240 u.g. This suggests 
acylation is highly critical to Thl type responses (CTL, 
IgG2a), but less critical to Th2 type responses (IgGl). 

We also evaluated whether reacylation of DS-1 or crude 
deacylsaponins would restore the adjuvant effect for IgGl, 


IgG2a, or CTL associated with QS-21. Our results showed 
that: (1) QS-21 is a better adjuvant than RDS-1 and 
GPI-0100, especially for stimulation of IgG2a response; (2) ' 
there was no significant difference between GPI-0100 and 
crude deacylsaponins for stimulation of antibody (IgGl and 
IgG2a) responses and CTL response. Similarly, there was 
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Fig. 5. Dose-response curves at 12:1 EiT ratio for production of antigen specific CTLs induced by QS-21, DS-1, crude deacylsaponins, RDS-1 and 
GPI-0100. C57BL16 mice (10 per group) were «wmniM«d by subcutaneous route on days 0 and 14 with 25 p.g OVA and the indicated dose of adjuvant 
The CTL response was measured on pools of splenocytes. Splenocytes were removed at day 28, expanded with antigen stimulation as described in 
Section 2 and used as effector cells. Lysis was measured against E.G7-OVA and EL4 cell targets. 


no significant difference between the adjuvant activities of 
RDS-1 and DS-1. Therefore, addition of the lipophilic chain 
(dodecylamine) to the carboxyl group of the deacylsaponins 
does not significantly change the adjuvant activities. This 
suggests reacyiation at a different site than the native com- 
pound with a synthetic fatty acid (dodecylamine) does not 
substantially improve the diminished adjuvant activity of 
the deacylated compound. We did not test other synthetic 
fatty acids, so cannot rule out a different result with a 
shorter or longer chain fatty acids. QS-7, an active native 
saponin, has a shorter acyl chain (C2). However, it is acy- 
lated at the original site on fucose [3]. Some residual IgG2a 
and CTL activity did remain in the crude deacylsaponins 
and GPI-0100. However, this may be due to lack of dea- 
cylation of QS-7 and other stable minor native saponins 
(Fig. 2). QS-7 is active in stimulating IgG2a and CTL re- 
sponses [3]. It is also more stable than QS-21 under basic 
conditions (approximately 100-fold^ Kensil, unpublished 
results). This is further supported by the lower activity 
of a reacylated saponin (RDS-1) prepared from a purified 
deacylsaponin (DS-1). This illustrates the importance of 
carrying out structure/function studies on purified natural 
products. 
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A heterogeneous triterpene glycoside fraction from Quillaja saponaria Molina cortex has 
been utilized extensively as an immunological adjuvant, both in simple aqueous formula- 
tions (Oalsgaard 1974) and in the form of an immunostimulating complex (ISCOM) 
(Morein et al. 1984). Characterization of the structure of the adjuvant-active components 
in these extracts has been hindered by the heterogeneity of this fraction. We have 
purified the predominant triterpene glycoside adjuvants in crude Quillaja extract to near 
homogeneity by high-performance liquid chromatography (HPLC) (Kensil et al. 1991), al- 
lowing both structural and functional analyses. Three of these components, QS-17, QS- 
18, and QS-21, have been studied in more detail and form the basis of this study. Such 
an analysis is critical to the understanding of this important class of compounds, which 
have been shown to be potent adjuvants of both humoral and cell-mediated immune 
responses including class-l-restricted cytotoxic T lymphocytes (CTLs) to soluble proteins 
(Kensil et al. 1991; M.J. Newman, pers. comm.). Both types of immune responses are 
important to the efficacy of subunit vaccines against viral disease. 


Comparative Structures of QS-17, QS-18, and QS-21 

Figure 1 shows a proposed structure and the relationship among QS-17, QS-18, and 
QS-21. The basic structure is taken from Higuchi et al. (1988), who determined the 
structure of a compound (which he designated QSIII) from Q. saponaria that matches 
the carbohydrate composition and molecular weight of QS-17 reported here. We 
determined variations to this structure for QS-18 and QS-21 by carbohydrate composi- 
tion and linkage analysis, molecular weights as determined by fast atom bombard- 
ment-mass spectroscopy (FAB-MS), and comparative analysis of common hydrolytic 
by-products (Fig. 1 and Table 1). The predominant changes in glycoside composition 
were in the terminal monosaccharides. QS-18 and QS-21 contained f-arabinose, 
whereas QS-17 contained 2-arabinose. QS-17 contained /-rhamnose (not present in 
QS-18 and QS-21), suggesting that f-rhamnose was linked to 2-arabinose in QS-17, 
whereas arabinose was a terminal residue in QS-18 and QS-21. In addition, QS-17 and 
QS-18 contained 3,4-rhamnose and /-glucose, whereas QS-21 contained 4-rhamnose 
and no glucose. This was indicative of glucose substitution at the 3 position of 3,4 rham- 
nose in QS-17 and QS-18. 

Differences in the molecular weights, determined by FAB-MS, were consistent with 
these proposed structures. Further support was provided by comparison of hydrolytic by- 
products. Higuchi has demonstrated that mild alkaline hydrolysis of QSIII results in 
cleavage at the ester bond linking the fatty acid moiety to fucose. Cleavage of QS-17, 
QS-18, and QS-21 at this site should yield a triterpene glycoside fragment (A) that is 
identical for QS-17 and QS-18 and is more hydrophobic for QS-21 (due to absence of 
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Proposed structure of QS-17, QS-18, and QS-21. Structure of QS-17 was taken from QSIIi (Higucl 
et al. 1988). Fragments A and B from each compound were generated by the indicated hydrolysi 
conditions, encompass the triterpene glycoside portion of the molecules, and were analyzed b 
reversed-phase HPLC. 


Tablet 

Carbohydrate Analysis of Purified Quillaja saponaria Adjuvants 




QS>17 



QS-18 



0S-2f 


A4* 

TMC* linkage 

AA 

TMC 

linkage 

AA 

TMC 

linkage 

Rhamnose 

184 

2.34 

T 6 

132 

1.15 

3,4 d 

132 

1.27 
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Figure 2 

Oose response study of QS-17, QS-18, and OS -21 for antibody stimulation. CD-I mice (five per 
group) were immunized intradermal^ with 5 ng of BSA and the indicated dose of adjuvant at day 0 
and day 14. Sera were analyzed by El A on BSA-coated plates on day 21. 


glucose); this was confirmed experimentally by reversed-phase HPLC retention times of 
the fragments from these compounds (Fig. 1). These compounds were hydrolyzed under 
more severe conditions to cleave the ester bond linking fucose to the quiilaic acid back- 
bone; the limiting triterpene glycoside fragment (B) resulting from this cleavage should 
be identical for all three compounds. This was confirmed by HPLC analysis (Fig. 1). 

All three compounds, QS-17, QS-18, and QS-21, had been shown to augment 
humoral immune responses in mice with similar dose response curves (Fig. 2). Hence, it 
would appear that the terminal residues rhamnose and glucose are not critical to this 
facet of the adjuvant function of these compounds. 


Influence of Structural Modifications on Adjuvant Activity 

Modification of these compounds was carried out to determine the effect on antibody 
stimulation. QS-18 was modified by periodate oxidation, which preferentially generates 
aldehydes from cis vicinal hydroxyl groups. Hence, f-galactose and f-apiose were likely 
targets of this reagent, allowing assessment of the importance of these monosac- 
charides to adjuvant function. The periodate-oxidized QS-18 was tested for augmenta- 
tion of antibody response to bovine serum albumin (BSA) in mice (Fig. 3A). Periodate 
oxidation of QS-18 eliminated adjuvant activity. Hence, either galactose or apiose (or 
both), which are monosaccharides common to all known adjuvant-active compounds 
from O. saponaria for which carbohydrate composition data are available, appears to be 
essential for antibody stimulation. 

Hydrolytic by-products of QS-18 and QS-21 (equivalent to fragment A of Fig. 1) were 
prepared to determine the effect of removal of the fatty acids and arabinose on adjuvant 
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Serum Dilution 


(A) Comparison of adjuvant effect of QS-18 and periodate-oxidized OS- 18. (Closed circle) No ad- 
juvant; (closed triangle) periodate oxidized QS-18; (closed box) QS-18. (B) Comparison of adjuvant 
effect of QS-t8 and QS-21 with the respective fragment A. (Dotted line) No adjuvant; (open box) 
QS-1 8; (closed box) fragment A of QS-1 8; (closed circle) QS-21 ; (open circle) fragment A of QS-21 . 
CD-1 mice (3-4 per group) were immunized intradermal^ with 10 *ig BSA and 10 ng of the indi- 
cated adjuvant. Sera were analyzed by EIA on BSA-coated plates on day 14. 


function. QS-18 and QS-21 were treated by mild alkaline hydrolysis to generate their 
respective fragment A. These fragments were substantially more hydrophilic than the 
original compounds due to loss of the fatty acids and arabinose. These fragments were 
tested in mice for induction of antibody to BSA (Fig. 3B). The fatty-acid-free fragments 
induced a substantially lower antibody response than the formulations containing the in- 
tact adjuvants. We had previously suggested that a close association of antigen and Q. 
saponaria adjuvants could be important for optimum immune response (Kensil et al. 
1991). We have observed that adjuvant injected in a site different from that of antigen is 
ineffective. QS-18 and QS-21 have been shown to bind to BSA (data not shown). One 
possible mechanism for this decreased antibody stimulation by the fatty-acid-free 
glycosides is that the binding to the antigen through hydrophobic interactions is reduced 
or eliminated due to the absence of the fatty acid. However, it should be noted that the 
loss of adjuvant function of periodate-oxidized QS-18 could not be attributed to change 
in hydrophobicity of the compound because the oxidation had only a minimal effect on 
hydrophobicity. 

To investigate the importance of the close association further, we have covalently 
coupled QS-21 to a protein antigen, hen egg lysozyme. Lysozyme was chosen for this 
experiment because in general it is poorly immunogenic, and being a hydrophilic protein, 
it is unlikely to bind to QS-21 through hydrophobic interactions. A conjugate (1:1 molar 
ratio of QS-21 :tysozy me, prepared by coupling the carboxylic acid on QS-21 glucuronic 
acid to protein amino groups with carbodiimide chemistry) was tested in C57BU6 mice 
(Fig. 4). QS-21 failed to produce detectable anti-lysozyme antibody titers in mice im- 
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Figure* 

Comparison of immune response of an antigen-OS-21 conjugate compared to unconjugated 
antigen and QS-21. C57BU6 mice (ten per group) were immunized intradermal at 1 and 14 daws 
with lysozyme or lysozyme-QS-21 conjugates. Sera were analyzed by EIA on lysozyme-coated 
plates on day 21. {Dotted line) 10 ug lysozyme: (open triangle) 10 u g lysozyme/1 .6 ug QS-21 (non- 
covalent); (dosed circle) 10 ug lyaozyme/1.6 nfl QS-21 (covalent); {open circle) 10 ug lysozvme/10 
ng QS-21 (noncovalent); {dosed box) 10 ug lysozyme/1.6 ug QS-21 (covalent) ♦ 10 uo QS-21 
(noncovalent). a ' 


munized twice with 1.6 ug of free QS-21 mixed with lysozyme and only increased titers 
slightly in mice immunized with 10 ug of free QS-21 . a result that we think may be due to 
lack of QS-21 binding to lysozyme. Mice immunized with an equimolar conjugate 
(amount of bound QS-21 - 1.6 ug) produced an immune response to lysozyme that ex- 
ceeded that even of mice receiving 10 ug of QS-21 in noncovalent form. Addition of 10 
ug of free QS-21 to the conjugate induced the highest responses, suggesting that the 
covalently attached QS-21 served as a association site for an additional one to two 
molecules of QS-21 to lysozyme. 


SUMMARY 

We have shown that galactose and apiose, monosaccharides common to the structures 
of QS-17, QS-18, and QS-21, are critical to their function in stimulation of antibody. In 
contrast, f-rhamnose and f-glucose do not seem to be important because these 
monosaccharides are the primary points of deviation among these three compounds, 
which are very similar in antibody stimulation. The fatty acid region also appears to play 
an important role. In addition, the data on conjugation of QS-21 to antigen suggested 
that close association of antigen and this adjuvant is important At present, little is known 
about the mechanism of this important class of adjuvants. Future studies will entail 
determination of the cellular site of action and development of in vitro assays to assess 
the function of this class of important compounds. 
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SEPARATION AND CHARACTERIZATION OF SAPONINS WITH ADJUVANT 
ACTIVITY FROM Quillaja saponaria MOLINA CORTEX 
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Saponins were purified from Quillaja saponaria 
Molina bark by silica and reverse phase chromatog- 
raphy. The resulting purified saponins were tested 
for adjuvant activity in mice. Several distinct sapon- 
ins, designated gS-7. gs-17, 9S-18. and gS-21, were 
demonstrated to boost antibody levels by 100-fold 
or more when used in mouse immunizations with 
the Ag BSA and beef liver cytochrome tv These 
purified saponins increased titers in all major IgG 
subclasses. To determine optimal dose in mice for 
adjuvant response, gS-7 and gs-21 were tested in a 
dose-response study in intradermal immunization 
with BSA in mice; for both of these purified sapon- 
ins, adjuvant response (determined by stimulation 
of ELISA titers to BSA) neared maximum at doses 
of 5 Mg and was shown to plateau up to the highest 
dose tested, 80 Mg. These purified saponins vary 
considerably in their toxicity, as assessed by lethal- 
ity in mice; the main component, gS-18, being the 
most toxic. Saponins gS-7 and gS-21 showed no or 
very low toxicity in mice, respectively. None of these 
saponins stimulated production of reaginic antibod- 
ies. The monosaccharide composition of these sa- 
ponins showed similar but distinct compositions 
with all four containing fucose, xylose, galactose, 
and glucuronic acid. Predominant differences were 
observed in the quantities of rhamnose, arabinose, 
and glucose. Monomer m.w. (determined by size ex- 
clusion HPLC) were determined to range from 1800 
to 2200. 

Formulation of effective vaccines requires not only the 
appropriate Ag. but also the appropriate adjuvant to op- 
timize protective humoral and cell-mediated immune re- 
sponses. The use of the same Ag with different adjuvants 
has been shown to elicit significantly different responses 
from the Immune system. For example, comparison of 
Immunization of mice with killed schistosomuia from 
Schistosoma mansonl with the adjuvants bacillus Cal- 
mette-Guerin. pertussis. Coryne bacterium parvum. tet- 
anus toxoid. Escherichia coll LPS. yeast glucan. alumi- 
num hydroxide, and saponin showed that only the ani- 
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mals Immunized with bacillus Calmette-Guerin or 
saponin were protected from challenge (1) despite the 
demonstration of significant humoral immunity by some 
of the ineffective adjuvants. In effect. Allison et al. have 
noted that adjuvunts such as aluminum hydroxide and 
mineral oil produce primarily humoral immunity whereas 
adjuvants such as muramyl dlpeptide are able to Induce 
cell-mediated Immunity as well as differences In the 
Isotype of the antibodies elicited (2). A further consider- 
ation, in addition to the efficacy of the adjuvant for 
eliciting a protective immune response. Is the issue of 
toxicity of the adjuvant. CFA. which is used widely in 
research vaccines, produces excellent humoral and cell- 
mediated immunity, but Is unsuitable for use in human 
and veterinary vaccines because of the toxic side effects 
(3). Similarly LPS. which is also a strong adjuvant, is 
highly toxic* (reviewed in Reference 4). Hence, there is a 
need for identification of adjuvants that are both safe 
and efficacious. 

One such potential adjuvant system is a class of com- 
pounds extracted from plant sources, termed collectively 
as saponins because of the detergent properties associ- 
ated with them. The detergent properties of saponins are 
caused by their amphipathic nature; they consist of a 
hydrophllic carbohydrate moiety and a hydrophobic ste- 
roid or triterpene moiety. The adjuvant effect of saponins 
was noted in 1951 by Esplnet (5) who utilized a crude 
saponin mixture to increase the Immune response to foot- 
and-mouth disease vaccine. Extracts of the bark of a 
South American tree. Quillaja saponaria Molina, have 
been shown to be potent adjuvants (6-8). Further studies 
by Dalsgaard showed that adjuvant activity In these ex- 
tracts resides In the saponin fraction, which has been 
characterized as a mixture of triterpene glycosides (7). 
Crude preparations of Quillaja saponins have been used 
to boost the response to BSA (7). keyhole limpet hemo- 
cyanin (9), SRBC (8). as well as aluminum hydroxide- 
based vaccines (9, 10). In addition, partially purified Qull- 
laja saponins have been reported to associate with hy- 
drophobic or amphipathic proteins and lipids to form 
detergent/lipld/saponin complexes termed ISCOM 4 (11): 
these structures are typically prepared by solubllizing the 
Ag with non-ionic detergents and then exchanging the 
non-ionic for the saponin detergent by centrlfugation 
through sucrose gradients containing saponins at a con- 
centration higher than their critical micellar concentra- 
tion. ISCOM. which have been prepared from surface Ag 
Isolated from influenza virus, measles, toxoplasma, fe- 
line leukemia virus. EBV, and HIV-1 (11-13) induce 

4 Abbreviations used in this paper: ISCOM. ImmunosUmuUUng com- 
plexes: MDP. muramyl dlpeptide: MPL. monophosphoryl lipid A: Turn, 
trehalose dimyeolate: TFA. trinuoroaceUc add: I.D.. Inside diameter. 
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scrum antibody titers that arc approximately 10-fold 
higher than immunization with protein micelles alone. 
In addition to the potent adjuvant activity, the saponin 
-action from Quillaja bark has strong hemolytic activity 
% 7). This hemolytic activity has been suggested to be 
caused by the intercalation of saponins Into cholesterol- 
containing membranes to form holes of approximately 
80 A. which can be observed with negative staining 
electron microscopy (14-16). 

Despite the potential use of Qutllaja saponins as adju- 
vants, their application has been limited because of the 
undesirable side effects of the commercially available 
preparations that are partially purified mixtures of sa- 
ponins and other components (17-20). The adjuvant- 
active saponins have not been characterized because of 
the difficulty in purifying the active components to ho- 
mogeneity. An adjuvant-active fraction was prepared 
from an aqueous extract of Q. saponaria bark by Dais- 
gaard (7) by using dialysis, anion exchange, and gel fil- 
tration chromatography In aqueous buffers; this fraction 
(designated 9uil-A) was reported to be a single band by 
TLC on silica gel plates. However, we have found that 
this fraction is still a heterogeneous saponin mixture that 
can be resolved Into multiple glycoside fractions by re- 
verse phase HPLC. Higuchi et al. (21) have recently sub- 
stantially purified a saponin from a methanoiic extract 
of Quillaja bark and have characterized the glycoside 
moiety; however, this purified saponin was not tested for 
adjuvant effect. Hence, at present, there Is no Informa- 
tion on which components of the saponin fraction from 
Quillaja bark possess adjuvant activity. In this paper, we 
■eport a separation procedure for saponins extracted 
from the cortex of Q. saponaria Molina, identification of 
distinct saponin components with adjuvant activity and 
no apparent lethality in mice In an adjuvant-active dose 
range. Identification of an adjuvant-saponln that Is lethal 
at a lower dose than the original aqueous extract, and 
preliminary chemical characterization of these fractions. 

MATERIALS AND METHODS 

Purification of saponins. Coarsely chopped Q. saponaria bark 
(approximately I cm square, obtained from Hauser Chemicals. Boul- 
der. CO) was stirred with 10 ml of water/g of bark at room temper- 
ature for 1 h. The extract was centrtfuged and the supernatant 
containing the solublllzed saponins was saved. The extracUon step 
was repeated on the bark pellet and the two supernatant* were 
pooled. To remove nonsaponln components, the supernatant pool 
was lyophlltzed. redissolved in 40 mM acetic acid in water at a 
concentration of 250 mg/ml (w/v) and either c hromat °S^P h *l 
through Sephadex C-50 (medium. Pharmacia. Plscataway. NJ) In 40 
mM acetic acid with the hemolytic acUvlty localized In the void 
volume fraction, or dialyzed against 40 mM acetic acid with the 
hemolytic activity retained by the dialysis membrane. 

The hemolytic fraction was lyophillzed and redissolved at a con- 
centration of 200 mg/ml In 40 mM acetic add In chlorofonn/meth- 
anol/water (62/32/6. v/v/vj; I g of this fraction was applied to Silica 
Llchroprep (E. M. Science. Glbbston. NJ: 40 to 63 Mm particle size. 
2.5 cm I.D. x 20 cm height) and eluted Isocratically in the solvent 
used to solubillze the saponins. The eluUon of saponins was moni- 
tored by carbohydrate assay (22). Fractions containing the saponins 
of interest were Identif led by reverse phase TLC with visualization 
with Blars reagent (Sigma. St. Louis. MO) pooled individually, and 
rotavapped to dryness. The f ractlons from the silica chromatography 
were then redissolved In 40 mM acetic acid in 50% methanol and 
loaded on a scmlpreparatlve HPLC column (Vydac C*. 5 jim particle 
size. 3000 nm pore size. 10 mm 1.0. x 25 cm length). Saponin peaks, 
detected by absorbance at 214 nm. were eluted by using a methanol 
gradient at a flow rate of 4 ml/mln. and individually rotavapped to 
dryness. Purity of saponins was assessed by analytic HPLC (Vydac 
C*. 5 >*m particle size. 3000 nm pore size. 4.6 mm I-D. x 25 an 
length) with a gradient of 0. 1 95 TFA In acetonltrtle. 


Immunologic procedures. CD-I mice (8 to 10 wk <* ^4™™ 
immunized Intradermally with a total volume of 0.2 ml Injected at 
two sites per mouse. Each sample was tested In a groiipof n y *™ice. 
The buffer used for all Immunizations was PBS. The following 
proteins were used as A# BSA (Sigma) and purified cy^hrome^ 
from beef liver, kindly provided by Dr. Phllipp Strlttmatter (Univer- 
sity of Connecticut Health Center. Farmlngton. CT). CFA and IFA 
were obtained from Dlf co (Detroit. MI). MPL and TDM were obtained 
from Rlbl Immunochemicals (Hamilton. MT). Squalene and Tween- 
20 were obtained from Sigma. Superfos Qull-A. a crudely enriched 
saponin preparation, and Alhydrogel {2% aluminum hydroxide) were 
obtained from Accurate Sciences. Westbury. NY. ^ 

The toxicities of Qull-A and purified saponins gS-7. 18. and 21. 
were tested in CD-I mice by following procedures similar to those 
described above for immunizations. Varying doses of these com- 
pounds dissolved in sterile PBS were Injected Intradermally in mice. 
The mice were monitored for 72 h after injections and the results 

expressed In number of deaths per group. 

AMoecific antibody response was determined by EUSA. Immulon 
n SateTwere coated overnight at 4*C with 100 ^l/weli of coating 
solution, consisting of 10 Mg/ml of the Ag In PBS. Plates were then 
washed twice with PBS and blocked In 10% normal goat serum 
(Hazelton. Rockville. MD) In PBS (150 Ml/weU for 1 h at room tern- 
perature). Plates were washed twice with 0.05% Tween 20 (Sigma) 
in water. Mouse serum was serially dUuted 1/10 In 10% normaigoat 
serum in PBS: 100 mI of each dilution was Incubated on the plate for 
1 h at room temperature. All dilutions were tested in duplicate on 
both Ag-coated and noncoated control wells. Plates were washed 
twice with 0.05% Tween 20. Goat anti-mouse IgG-horseradlsh per- 
oxidase conjugate [H and L chain specific: Boehringer^annehelm 
Indianapolis. IN), diluted In 10% normal goat serum In PBS. was 
incubated on the plate (100 Ml/well for 30 min at room temperature). 
The plates were washed four times with 0.05% Tween 20 and then 
with water two times. The substrate for the reaction was tetrame- 
thylbenzidlne (23). Titers were determined from the dilution result- 
ing in an absorbance of 0.5. Relative titers of specific antibody 
isotypes were determined by titration of sera pools (prepared with 
equlvolume ratios of individual mouse serum samples in a group) on 
AC-coated plates with the use of goat anti-mouse alkaline phospha- 
tase conjugates specific for IgM. lgG3. Igil. lgG2.. and IgG2* re- 
spectively (Southern Biotechnology Associates. Birmingham. AL) 
and a goat anti-mouse IgE-horseradlsh peroxidase conjugate (Nordic. 
El Toro CA) 

Hemolytic activity. Serial 1/2 dilutions of saponin in PBS were 
made in a round bottom microliter plate. The final volume In each 
well was 100 pi. SRBC (40% sheep blood and 60% Alsever s solution: 
Whlttaker Byproducts. Walkersvtlle. MD) were washed three times 
by low speed centrifugation of the blood followed by resuspension of 
the red cell pellet in PBS to the original volume. The red cell pellet 
was diluted to 2.5 x the original volume and then used in tne 
hemolysis assav. Twenty-five microliters of the resuspended cells 
were added to each well In the microliter plate and mixed by pipet- 
ting. After incubation at room temperature for 30 mln. the plates 
were spun at 1000 rpm for 5 mln In a Sorvall RT6000 In an H-10OO 
rotor to sediment unhemolyzed cells. Fifty microliters of t ht super- 
natant from each well were transferred to the same well of a nat 
bottom microliter plate. Absorbance caused by released hemoglobin 
was determined at 570 nm with a Dynatech microliter plate reader. 

Carbohydrate analysis. Relative carbohydrate corKentratlon 
was determined by the anthrone method of Scott and Melvln (22). 
The standard for the assay was glucose. Analysts of carbohydrate 
composition as trimethylglucosldes was carried out under contract 
by the Complex Carbohydrate Corporation (Athens. GA). 

Monomer size of saponins. Monomer size of the saponins was 
determined by HPLC gel permeation chromatography on a Zorbax 
PSM 60 SI column (6.2 mm I.D. x 25 cm height). Glnsenoslde Rb, 
(m w - 1109: Waco Pure Chemicals. Dallas. TX) and l8-»3-gIycyr- 
rhetlnlc acid (m.w. - 471: Fluka Chemicals. Everett. WA) were used 
as m.w. standards. Saponins and standards were wlubllfced In 
methanol at a concentration of 1 mg/ml. Twenty microliters were 
injected on the column and eluted in methanol at a flow rate or l.o 
ml/mln. Absorbance at 214 nm was used to monitor the column. 

RESULTS 

Isolation and characterization of saponin adjuvants. 
Approximately 20 to 2596 of the dry weight of Q. sapon- 
aria Molina bark Is extractable In water. Dialysis of the 
aqueous extract resulted In retention of approximately 
24% of the dry weight and 95% of the hemolytic activity 
of the extract. Indicating that saponins present In the 
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aqueous bark extract were retained by a dialysis mem- 
brane of 12.000 m.w. cutoff. Similar recoveries were 
achieved by chromatography of the aqueous extract on 
Sephadex G-50. with the saponin fraction localized in 
the void volume: reverse phase TLC showed that the 
identical components were isolated (not shown). 

With the use of reverse phase HPLC. an unprocessed 
extract of Q. saponaria bark was shown to be a highly 
complex mixture. Treatment of this aqueous extract by 
ultrafiltration through a membrane with 10.000 m.w. 
cutoff removed almost all hydrophlUc peaks from the 
retentate although multiple hydrophobic components 
were still present (Fig. I A). Analysis of guil-A. a com- 
mercial saponin that Is commonly used In adjuvant stud- 
ies, showed that this product contains all the peaks pres- 
ent In the ultraf lltrated aqueous bark extract shown in 
Figure 1A. 

Significant resolution of the saponin peaks in the ul- 
trafiltration retentate was achieved by using a shallow 
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gradient of methanol or acetonitrilc on Vydac C 4 as de- 
scribed in Materials and Methods (Fig. 1A). All major 
peaks in this retentate fraction were reactive with an- 
throne. Indicating the presence of carbohydrate, and 
caused foaminess In aqueous solution, indicating that 
they were saponin In nature. Different bark samples 
yielded qualitatively a similar pattern of peaks with the 
same retention times. However, some quantitative differ- 
ences were observed between different bark samples, 
apparently as a result of differences between the bark 
samples because extractions from the same sample of 
bark yield consistent results. The saponin peaks isolated 
by HPLC were tested for adjuvant activity by using BSA 
as the test Ag. Adjuvant-active components were identi- 
fied in 10 of the peaks tested including the major peaks 
(7. 17. 18. and 21) (data not shown). These peaks, partic- 
ularly peak 18. predominate In most samples of bark or 
commercial Quillaja saponins tested. 

The major saponin peaks, purified as described In Ma- 
terials and Methods, were further characterized for ad- 
juvant activity as well as for physical and chejnical prop- 
erties. The purity of these samples is shown In Figure 1. 
The fractions, designated as saponins gS-7. 17. 18. and 
21. with QS denoting the source to be Q. saponaria. are 
significantly pure in comparison with the starting ex- 
tract, although several minor contaminants are evident 
in some fractions (Fig. 1 B to E). 

Effect of dose on adjuvant effect in mice. To establish 
the range of effectiveness for purified saponins, dose 
response curves were carried out for two of the saponins. 
9S-7 and gs-21 (Fig. 2). These saponins were chosen 
because they represented the most hydrophllic (gS-7) and 
hydrophobic (gs-21) of the four saponins purified In this 
study. Hydrophobicity was assumed to be related to the 
retention time on reverse phase HPLC with the use of a 
hydrophobic resin. CD-I mice were immunized intrader- 
mal^ twice with BSA plus the indicated dose of saponin 
at 2-wk intervals. Sera was analyzed for anti-BSA IgG by 
ELISA 1 wk after the second immunization. Anti-BSA 
IgG titers were considerably augmented by doses of sa- 
ponin as low as 5 ug for both gS-7 and gs-21. The 
immune responses obtained with gs-7 and gS-21 were 
similar, reaching a plateau at doses between 10 and 80 
Mg. No significant differences were observed between QS- 
7 and gs-21. 

Adjuvant activity oj purified saponins and research 
adjuvants. The purified Quillaja saponins (gS-7. 17. 18 
and 21) were compared for effectiveness as adjuvants 
with various research adjuvants, such as aluminum hy- 
droxide. CFA. and IF A, and a mixture of MPL and TDM. 
Saponins were used at a dose of 20 Mg. an amount that 
falls in the plateau of maximum adjuvant effect observed 
with gs-7 and gs-21. Two Immunizations with 10 Mg of 
Ag cytochrome b s plus gs-7. 17. 18. or 21 in PBS resulted 
in an increase of approximately 10 3 in Ag-specific IgG 
ELISA titers when compared to a control group that re- 
ceived Ag alone. The titers observed in the groups receiv- 
ing purified saponins were similar to those Induced by 
the MPL/TDM mixture and CFA and IF A. However, pu- 
rified saponins Induced a higher response than alumi- 
num hydroxide (Fig. 3). 

Isotype of antibodies augmented by saponins. Adju- 
vants that augment similar IgG titers may differ consid- 
erably In boosting various IgG subclasses. Therefore, the 
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Figure 2. Ag-spectfic IgG ELISA titers induced In CD-I mice by two 
intradermal immunizations with 5 *g BSA and the Indicated dose of gS- 
7 and QS-21. Results are expressed as means ± SD. 

IgG subclass distribution of the IgG for the immunization 
experiment described in Figure 3 was determined. After 
two intradermal immunizations with cytochrome b 5 and 
saponins gS-7. 17, 18. and 2 1 . antibodies were found In 
the three major IgG subclasses Gl. G2 b . and G2, (Table 
I). With saponin fractions 9S-17. 18 and 21. IgG2a anti- 
bodies predominated. In contrast, antibodies Induced by 
Ag in PBS or on aluminum hydroxide were predominantly 
IgGl. CFA and MPL/TDM adjuvant augmented the pro- 
duction of isotypes IgGl. IgG2a. and IgG2b whereas IFA 
induced Isotypes IgGl and some IgG2b. In contrast to 
previous reports with the use of crude saponin prepara- 
tions from Q. saponaria (2). no IgE antibodies were elic- 
ited by any of the purified saponins described here. Re- 
aglnic antibodies were not detectable at a 1/10 dilution 
for any of the adjuvants tested. The dose dependence of 
Isotype distribution was not determined. 
Purified saponins yielded consistent results in adjuvant 
ifect. Five preparations of gs-21 that had been purified 
from different sources of Q. saponaria Molina bark were 
tested concurrently in an immunization study with BSA 
in mice; the mean and SD of the log lo ELISA titer of the 
five groups receiving three injections of 15 ^g of QS-21 
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Figure 3. Ag-speclflc IgG ELISA titers induced in CD-I mice by two 
intradermal immunizations with 10 jig cytochrome b s and the indicated 
adjuvant. Formulations adjuvanted with CFA and IFA were prepared by 
emuistflcatlon of 100 *1 of Dlfco CfA or IFA with 100 n\ of a PBS/Ag 
solution/dose. MPL/TDM formulations were prepared by homogenlzatlon 
of 50 Mg MPL. 50 Mg TDM. 2 mI Squalene. and 0.2 ml 0.2% Twecn 20/PBS/ 
Ag/dose. The alum preparation contained 400 fig aluminum hydroxide 
per dose. The saponin preparations, which were fully soluble Xn aqueous 
solution, contained 20 *g of the indicated saponin in 0.2 ml PBS/Ag per 
dose. Results are expressed as means it SD. 

TABLE I 

Adjuvant effect on Agspecljlc IgC Subclass 


Adjuvant 


Subclass Tlter/Total IgG Titer* 


CI 


C2. 


G2. 


None 

1.00 

0 

0 

9S-7 

0.35 

0.21 

0.44 

9S-17 

0.07 

0.21 

0.72 

9S-18 

0.10 

0.06 

0.84 

QS-21 

0.13 

0.24 

0.61 

CFA 

0.33 

0.39 

0.27 

IFA 

0.92 

" 0.07 

0.01 

Aluminum hydroxide 

0.91 

0.09 

0 

MPL + TDM 

0.24 

0.38 

0.38 


* Sera were obtained at day 35 from the cytochrome b, immunization 
study described in Figure 3. 

TABLE II 

Lethality of saponins to CD-I mice* 


(Mg) 

Quil-A 

9S-7 

gs-is 

gs-21 

125 

1/5 

0/5 

4/5 

0/5 

250 

2/5 

0/5 

5/5 

0/5 

500 

4/5 

0/5 

5/5 

1/5 


'Results are expressed as number of deaths per group of five mice 
within 72 h after intradermal Injection of saponins. 

and 5 Mg of BSA was 4.7 ±0.13 In comparison with the 
control group which had a titer of 3.6. 

Toxic and hemolytic activities. Toxicity (assessed by 
lethality) has been associated with the use of saponins 
as adjuvants (20). In effect, the commercial saponin prep- 
aration Quil-A was lethal to mice in the dose range of 100 
to 125 fig (Table II), as determined with one preparation. 
The purified saponins described here exhibit a wide range, 
of lethalities. OS- 18, the predominant saponin species in 
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the bark from Q. saponaria as weU as in commercial 
preparations such as Quil-A. Is the most lethal of those 
tested with deaths observed at doses as low as 25 /tg [data 
not shown). In contrast. CJS-7 is apparently nonlethal up 
to 500 *ig and QS-21 is lethal only at 500 tig. with one 
mouse dead out of five mice receiving this dose (Table II). 
In mice, the minimum lethal dose/adju van t-ef fee tive dose 
ratio is 50-fold for 9S-21 and even higher for gs-7. 
However, the gS-18 adjuvant-effective dose is close to 
the lethal dose when assayed in mice. Apparently, the 
lethal effects of 9uil-A can be explained in part by the 
large fraction of 9S-18. which is the predominant com- 
ponent in its composition. The variability of gs-18 con- 
tent in the bark used to prepare QuU-A and other com- 
mercial preparations will explain the differences in le- 
thality observed with different preparations. From these 
results, we can state th?«t there is no relationship between 
relative adjuvant activity and relative lethality. 

The hemolytic acti vities of the purified adjuvant-sapon- 
Ins were compared. Saponins gs-17. 18, and 21 caused 
hemolysis of SRBC at concentrations as low as 5 to 30 
Mg/ml. with concentrations resulting In 50% hemolysis 
being 25 ± 0 M g/ml. 15 ± 3 Mg/ml. and 7 ± 2 M g/ml. 
respectively (mean and SD of purified preparations de- 
rived from two separate bark samples). However, no he- 
molysis was observed with gS-7 at concentrations up to 
200 Mg/ml (highest concentration tested). There is no 
correlation between hemolytic activity. lethality and ad- 
juvant activity, i.e.. gS-7. 18 and 2i. have approximately 
the same adjuvant activity but are widely different in 
hemolytic activity and lethality. 

Carbohydrate composition. Purification of saponins 
allowed a preliminary structural characterization. The 
analysis of the composition of the four saponins gs-7. 
17, 18. and 21 demonstrated the presence of a highly 
complex glycoside component, consisting of seven or 
more monosaccharides in saponin gS-7 and eight or nine 
monosaccharides in saponin gS-17 (Table III). All four 
saponins contained components with the same linkage, 
including terminal rhamnose. xylose, galactose, and glu- 
cose residues as well as 3-xylose. 2,3-gIucuronic acid, 
and 3,4-rhamnose (linkage data not shown). It appears 
that these saponins share a common glycoside structure 
although there are clear deviations in the carbohydrate 
composition and linkage of the saponins analyzed. 

All saponins contain arabinose except for saponin gs- 
7. Saponin gs-21 contains a diminished amount of glu- 
cose, suggesting that this may be caused by a contami- 
nant as It is present in a ratio significantly lower than 
1:1 when normalized to galactose. Monomer size of the 
predominant saponins was estimated by size exclusion 
HPLC. For comparison, we used triterpene and triterpene 

TABLE in 

Motor ratio of monosaccharide/ saponin* 


Monosaccharide 


Saponin 


gs-7 

9S-17 

gs-ie 

gs-21 

Rhamnose 

Fucose 

Arablnose 

Xylose 

Galactose 

Glucose 

Glucuronic actd 

2.22 
0.90 
Trace 
1.28 
1. 00 
1.35 
0.65 

2.34 
0.96 
0.98 
1.33 
1.00 
1.23 
0.64 

1.15 
0.88 
0.74 
1.34 
1.00 
1.16 
0.72 

1.27 
0.91 
0.77 
1.44 
1.00 
0.35 
0.74 


-Determined as irtmeihylsllated methyl glycosides and normalized to 
galactose (assumed to be present at 1 mol/nSl of saponin). 
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glycoside standards of known m.w. This analysis was 
carried out in methanol to prevent micellization. The 
monomer size ranges from 1 800 to 2200 and Is consistent 
with the m.w. predicted for a triterpene with 8 to 10 
monosaccharide residues. It is likely that monosaccha- 
rides galactose, glucose, and glucuronic acid are each 
present in a ratio of 1.0 mol of monosaccharide/mol of 
saponin as higher molar ratios would significantly in- 
crease the m.w. 

DISCUSSION 

These results demonstrate that the saponin fraction 
obtained by aqueous extraction of Q. saponaria bark is 
actually a heterogeneous group of related glycosides. All 
previous attempts to purify adjuvant-active Qulllaja sa- 
ponins have been in aqueous solution by methods typi- 
cally used to purify proteins, such as dialysis, ion ex- 
change chromatography, and size exclusion chromatog- 
raphy (7). Although these methods are useful in partially 
separating saponins from nonsaponln components, they 
have been ineffective in separating Individual saponins 
because of the tendency of saponins to form-mixed mi- 
celles. Hence, effective separation requires the use of 
organic solvents or solvent/water systems that solubilize 
the amphiphilic saponins as monomers so that the for- 
mation of mixed micelles does not Interfere with separa- 
tion. In effect, adsorption and reverse phase chromatog- 
raphy in organic solvents* as described in Materials and 
Methods has aHowed the purification of individual sa- 
ponins to a degree of homogeneity that is significantly 
higher than that achieved by earlier reports (7. 24). 

Although previous reports suggested that exposure to 
organic solvents destroyed adjuvant activity (25). we were 
able to recover adjuvant activity by using organic solvents 
for silica and reverse phase chromatography. The car- 
bohydrate analysis of the individual saponins described 
in this paper Indicate that they consist predominantly of 
one component, although some heterogeneltv is still pres- 
ent because multiple linkage forms of individual mono- 
saccharides can be detected. The carbohydrate composi- 
tion and linkage analysis of the purified Qulllaja sapon- 
ins are similar to that determined by Higuchi et ai. for 
the hydroiytic breakdown products isolated from a par- 
tially purified Qulllaja saponin preparation (26). Dals- 
gaard reported that the saponin fraction Isolated by anion 
exchange and gel filtration (9ulI-A) contained the mono- 
saccharides xylose, arabinose. glucose, rhamnose. and 
fructose (25) in unspecified ratios. None of the saponins 
described in this study contain fructose. In addition, they 
contain monosaccharide residues not reported by Dals- 
gaard (fucose. galactose, and glucuronic acid). 

Adjuvant activity was demonstrated to be associated 
with several of the saponins, including those that appear 
to be most predominant. QS-7. 17. 18. and 21. Hence, 
the adjuvant activity of Qulllaja bark extracts is associ- 
ated with several distinct saponins rather than a single 
component, although the carbohydrate analysis indicates 
that these saponins may be structurally related. Not all 
peaks contained components that could serve as adju- 
vants In our test system. 

Saponins gs-7. 17, 18. and 21 were tested more exten- 
sively because they were the predominant peaks In most 
bark samples analyzed. These fractions typically Induced 
an Increase ir/ Ag-specif ic IgG tltere when used at doses 
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ranging from 10 to 20 pg In intradermal Immunization in 
mice. The adjuvant effect of these saponins was observed 
with both BSA and cytochrome b». Evidence that close 
proximity of Ag and saponin are important for the re- 
sponse was shown by our observation that saponin and 
BSA Injected separately into different flanks of the mice 
did not induce a boost of Ag-specif ic IgG titers (data not 
shown), indicating no apparent systemic response. A 
similar result has been observed by Bomford (8). .The 
strong antibody response elicited by ISCOM. which are 
reported to be a complex of saponin. Ag. and lipid (11. 
12), are consistent with a close association of Ag and 
saponin being necessary for the adjuvant response. How- 
ever, the adjuvant effects of saponins cannot be attrib- 
uted simply to their detergent properties, i.e.. saponin 
QS-7. which is a poor detergent as revealed by its non- 
hemolytic properties, has adjuvant characteristics simi- 
lar to QS-17. 18. or 21. which are highly hemolytic. 

Purified saponin adjuvants stimulate an equivalent or 
higher secondary immune response than that obtained 
by using aluminum hydroxide. CFA and IF A. or MPL/ 
TDM adjuvants. ELISA titers measured via the end point 
dilution method, as was done in this study, are thought 
to be proportional to the concentration of high and me- 
dium avidity antibodies (27). Therefore, if It is assumed 
that the ELISA titers reported here reflect the concentra- 
tion of these populations, then the purified saponins 
induce quantities of medium and high avidity IgG com- 
parable with CFA. IFA. and MPL/TDM. and higher than 
those Induced by aluminum hydroxide. However, differ- 
ences* in the concentrations of low avidity antibodies 
cannot be ruled out. Saponins also influence the Ag- 
specific Isotype profile. A comparison of isotypes pro- 
duced by mice in response to immunization with purified 
saponin showed induction of the three major IgG sub- 
classes. Gl, G2 b . and G2.. The isotype profile observed 
with these purified saponins differs from that reported 
by Allison and Byars with a crude saponin (2) in which 
they found predominantly an IgGl response to immuni- 
zation of mice with Ag and crude saponin mixture, a 
response similar to that elicited by aluminum hydroxide. 
Under the immunization conditions utilized in this study, 
saponins Induced significant levels of FgG2a and IgG2b 
as well as Gl antibodies; for some saponins. IgG2a pre- 
dominated. Ag-specific IgE was not detected, even with 
the highly toxic 9S-18. indicating that other components 
in crude preparations are responsible for the production 
of reaglnic antibodies. 

The high level of protection observed with the use of 
saponins with vaccines in mice (1) may in part be caused 
by the ability of saponins to Induce an Isotype profile 
similar to that observed in natural immunity arising from 
a viral or bacterial Infection. Viral infections in mice 
Induce an IgG response in which IgG2a accounts for 65 
to 92% of total specific antibody (28). IgG2a has also been 
shown to be protective against protozoal infections (29). 
Both C fixation and antibody-dependent cellular cytotox- 
icity in mice can be mediated by IgG2a antibodies (30). 

Commercially available saponin preparations are 
highly heterogeneous mixtures of adjuvant-active and 
Inactive components. The relative concentrations of 
these components will vary according to the source of the 
bark, leading to difficulty in preparation of batches with 
a consistent composition. Substantial variation has been 


noted between different sources of commercially avail- 
able saponins (31. 32). Purified saponins can be readily 
standardized, and this property allows preparation of 
vaccines with known proportions of a given active sa- 
ponin or saponins. 

The use of purified saponins for immunization allows . 
selection of saponins with the optimal combination of 
adjuvant activity and negligible lethality. Preliminary 
studies indicate that some adjuvant-active saponins are 
significantly more lethal than others wheritested at doses 
over the range of 25 to 500 pg in mice. It may be possible 
to select an adjuvant-active saponin for use in a vaccine 
that provides a wider safety margin between adjuvant- 
active and lethal doses than that in crude saponin ex- 
tracts (which contains a larger fraction of lethal saponin 
adjuvants such as QS- 18). 

No attempt was made to correlate saponin structure 
with the biologic effects, adjuvant activity, and lethality 
associated with QuiUqja saponins. A complete structural 
determination will involve sequencing of the glycoside 
moieties, identification of the triterpene. and identifica- 
tion of the point of linkage of the glycoside moieties onto 
the triterpene backbone. Comparison of the complete 
structures of naturally occurring variants such as those 
described here will provide information on what parts of 
the structure are involved In specific biologic activities. 
Further information on the minimal structure involved 
in these activities can be gained by analysis of less com- 
plex saponins^ produced by specific chemical or enzy- 
matic hydrolysis of saponins of known structure. These 
studies are ongoing. 
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*«d it may therefore play a role in the generation 
# **: mucosal unmuiie i espouses that are mediated 
ISA (discussed in Chapter 11). 

Interferon^ (TFNo), also called immune or 
-type n Interferon, is a homodimenc glycoprotein 
containing two 21 to 24 kD subunits. The size vari- 
xdon of the subunit is caused by variable degrees 
0i glycosylatlon, but each subunit contains an 
^Identical 18 kD polypeptide encoded by the same 
vgene. IFT^y is produced by activated CD4' and 
-fetf- T cells and by NK cells. Transcription U <IU 
^rsctly initiated as a consequence of antigen activa- 
i&xi and is enhanced by H>2 and IL42. IFN-y pro- 
>i_<ed by natuial killei (NK) cells may function as 
mediator of innate immunity and contribute to 
jseptic shock 

The receptor for IFN-/ is composed of l*u 
^structurally homologous polypeptides, called WK-y- 
and IFN-rRft Both chains are related to the 
-y&po I IFN receptor proteins (see Box 12-1)* IFN-y 
-*sagnal transduction is mediated by Jaki, Jak2. and 
^TATla (see Box 12-2). STAT1 knockout mice are 
jtip&mpletely resistant to IFN y actions, as arc IFN-7- 
j$Li knockout mice. 

^ IFN-y has several properties related to im- 
\femoregulation that separate it functionally from 
:^&rpe I IFN: 

'% L IWy is a potent activator of mononuclear 
)&*agocyms- IFN-y directly induces synthesis of the 
«|aszymes that mediate the respiratory burst, aflow- 
■gtef human macrophages to kill phagocytosed mi- 
crobes. In murine, but not human, macrophages, 
jS^7 acts in concert with TNF or LT to induce the 
^S&sh output isoform of nitric oxide synthase, allow- 
jj|sEg copious production of NO radicals that have 
•^Mfects similar to those of the reactive oxygen radi- 
!b=js made by human macrophages. In both spe- 
**es. flfN-y up-regulates the high affinity signaling 
l^eptor for IgCL called FcyRl (see Chapter 3. Bocs 
r 3f— 4>- Cytokines that cause such functional changes 
mononuclear phagocytes have been called mac- 
^asphage^activa^ factors (MAFs). IFN~y is the prin- 
ISBpxl MAF and provides the means by which f cells 
pztxate macrophages. Other MAts include 
J&sd. to a lesser extent, IH, TNF, and IT. Macro- 
-sjafcage activation is described in more detail, in 
pssner 13, it is worth noting here that macro- 
'|-«sage activation actually involves several different 
Ij^ponses, and macrophages are said to be acti- 
:^Ked wlteu they perform a particular function be- 
«|pag assayed. For example, IFN-y fully activates mac- 
irohages to kill phagocytosed microbes but only 
-fg&artly aclivates macrophages to kill tumor cells. 
i 2. IFN-y increases class 1 ABIC molecule expres- 
jfkri and, in contrast to type I ZRV, also causes a 
*is»* variety of cell type* lo express class ff MHC 
^Mecates. Thus, IfN-y amplifies the recognition 
|$g&ase of the immune response by promoting the 


Chapter 12 cytokine 2W 

activation of class Restricted CD4 + helper T cells 
(see Chapter 6, Fig. b-;>), in vivo, iMY-y can en- 
hance both cpJlular and humoral immune re- 
sponses through these actions at the recognition 
phase. 

3- IFN-y acts on T lymphocytes to promote their 
differentiation. As will be discussed later in this 
Chapter, IFN-y promotes the differentiation of na- 
ive CD4 4 T cells to the T„l subset and inhibits the 
proliferation of T„2 cells in mice. These effects 
may be naftJAaioJ by activating mononuclear phag- 
ocytes to secrete IM2 and T cells to express func- 
tional IL-12 receptors. EFN-y is also one of the cyto- 
kines required for the maturation of CD8* CTLs 
(see Chapter 13). 

4. IFN-y acts on B cells to promote switching 
to the IgC2a and lgQ3 subclause* in mice and tu 
inhibit switching to IgGl and lgE, The subtypes of 
IgG induced by IFN-y are precisely those that bind 
to Fc>fce on phagocytes and NK cells and are also 
the most potent compiement-activating TgG sub- 
types. Thus lFT*h induces antibody responses that 
also participate in phagocyte mediated elimination of 
microbes. 

5. ZRIPy activates neutrophils, up-regulating 
their respiratory burst. It is a less potent activator 
of neutrophils than TNF or LT. 

6. IFN-y stimulates the cytolytic activity of NK 
celts, more, sn than type I IFN. 

7. IFN-y is an activator of vascular endothelial 
cells, promoting CD4 + T lymphocyte adhesion and 
morpholngic aH-flrations that facilitate lymphocyte 
extravasation. IFN-y also potentiates many of the 
actions of TNF on endothelial cells. 

Hie net effect of these varied activities of 
iFN-y is to promote xd acrophage-ricb inflammatory 
reactions, while inhibiting IgE-dependent eosino- 
phif-ricii featriiuiis. Knockout mice in which the 
IFN-y or IFN-7 receptor genes have been disrupted 
show several immunologic defects, Including in- 
creased susceptibility to infectives with uitiav;^!^ 
lar microbes (which cannot be cleared because of 
defective macrophage activation), reduced produc- 
tion of nitric oxide by macrophages, reduced ex- 
pression of dass H MHC molecules on macro- 
phages after infection with mycobacteria, reduced 
serum levels of IgG2a and IgG3 antibodies, and de-r 
fective NK cell function. 

Lymphotoxin 

Lymphotoxin (LT) is a 21 to 24 kD glycopro- 
tein that is approximately 30 per cent homologous 
to l W and competes with TNF for binding to the 
same cell surface receptors. LT is sometimes 
called TNF-/1 In humans, LT and TNF genes are 
located in tandem within the MHC on chromosome 
6 (see Chapter 5). LT is produced exclusively by 
activated T lymphocytes and is often produced co* 
ordinately with IFN-y by such cells. Human LT con- 
tains one or two N-linked oligosaccharides (ac- 
counting for the variability in molecular sizes). The 
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tsunamis from great earthquakes in the Cas- 
cadia sobduction zone. 

3) Tectonic subsidence during great sub- 
duction earthquakes could reconcile rates of 
short-cam uplift with rates of long-term 
uplift in westernmost Washington. I^e up- 
lift measured at tide gages and bench maris 
(2 to 3 mm per year average during the past 
SO yean) is much raster than that inferred 
from Pleistocene marine terraces (<0-5 mm 
per year average during the past -100,000 
years) (IS). But these rates need ncx conflict 
if, as part of cyclic earthquake^rclated defor- 
mation (19), coseismic subsidence (like that 
inferred from the buried lowlands) has near- 
ly negated cumulative interscismic uplift (of 
which tide-gage and bench-mark uplift 
would be a modem sample). 

Jerky Holoccne submergence at Washing- 
ton estuaries thus strengthens the hypothe- 
sis that a future great earthquake could 
emanate fioui die Cascadia subduction 
zone. The number and shallow depth of 
buried lowlands at Willapa Bay (Fig. 3C) 
may mean that at least six audi earthquakes 
have occurred since sea level approached its 
present position on mid-latitude coasts, that 
is, since 7000 years ago (20). The earth- 
quake ruptures, if really from events of 
magnitude 8 or greater, should have extend- 
ed coastwise for at least 100 km (21). This 
corollary can be tested by determining the 
coastwise extent of individual episodes of 
rtKeixmic subsidence Another testable cor 
oUary is that shaking during the postulated 
earthquakes should have caused the liquefac- 
tion of Holocene rrwsral.Towiand sand (22). 
If buried lowlands prove coeval for coast- 
wise distances greater than 100 km, and if 
sand proves to have venrrH onto some of 
these lowlands at the start of burial, then the 
chronology of jerky submergence could be 
used to constrain the current probability of a 
great subduction earthquake in the Pacific 
Northwest. 
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Interfcron-y and B Cell Stimulatory Factor-1 
Reciprocally Regulate Ig Isotype Production 

Clifford M, Snapper and William E. Pawl, 


Gamma mterfenm (IbN-y) and B cell rtimuktory &ctor-l (BSF-l), also known ai 
itttcrieiikm-4, axe T ceil-Hicrived lymphokines that have potent cfiecfe on B cell 
pmlifeatic^aiiddiflfe^^ 

inm shown that IFN-y stimulates the expression c^iiniiiiinc^lc4yulin (Ig) of thcIgG2a 
isotype and inhibits the pnxtaction of IgG3, IgG 1 s IgG2b, andi^E.By contrast, BSF- 
1 has powerful efects in promoting switching to the eirpression of IgGl and IgE but 
matkaKuy inhibiu I^M, IgG3, IgQ2a, and l^G2b» These results ftdkatc that BSF-l 
and IFN-7 as well as the T cells that produce them may act as reciprocal regulatory 
agents in the determination oflg isotype rcspooses. 7^ 
isotype ocprcsMon are Lukpendcnt. 


GAMMA INTERFERON (IFN-7) PRO 
motes the prodvetion of immuno- 
globulin (Ig) by activated murine 
and human B cells stimulated with inrxricu* 
(i) and causes human B cells treated 
with antibodies to Ig to enter the S phase of 
the cell cyde (2). Ckmvecsely, IFN-y inhibits 
the arrtons of B cell stimulatory (actor 1 
(BSF-l) on resting B cells, including BSF-l 
induction of class II major histocompatibil- 
ity crivnplrv molecule expression (3) and 
costimularion of proliferadon (4). IFN-7 
also suppresses the cixhanceinent by BSF-l 
of IgGl and IgE synthesis in R cells stimu- 
lated with lipopolysaccharide (LPS) (5). We 
show here that IFN-7 induces a selective and 
striking induction of IgG2a pmdnrtion by 
resting B cells stimulated with LPS in vitro. 
Furthermore, both IFN-7 and BSF-l are 
potent inhibitors of the expression of specif- 
ic Ig isotypes; IFN-7 blocks IgG3 and 
IgG2b (6) as well as IgGl and IgE, whereas 
BSF-l blocks IgG3, IgG2b (7), lgG2a, and 
IgM. These results suggest that IFN-7 and 
BSF-l reciprocally regulate Ig isotype pro- 
duction in T cell-depaidcnr immune re- 
sponses and thus dtncrmifte many of the 
biologic consequences of such antibody pro- 
duction. Since BSF : 1 and IFN-y appear to 


be produced by separate sets of T ceil clones 
(*), a reciprocal regulatory interaction ot T 
cell subsets may determine Ig isotypic re- 
sponses to immunization. 

Resting B ceils were purified from spleens 
of 8- to 12-week-old DBA/2, mice by incu- 
bation with aimbodics to Lyt-1, Lyt-2, and 
Thy 1.2 and Luiitpkxncnr, followed by Per- 
coD density-gradient cenrnfugation (4). 
When these cells were stimulated with LPS, 
they synthesized huge amounts of IgM, 
corisiderable IgG3 and IgG2b» and small but 
detectable amounts of IgGl and IgG2a (7). 
Addition of recombinant IFN-7 (1IFN-7) 
(10 U/ml) (P) caused a striking increase in 
IgG2a concentrations and near complete 

suppression of IgG3, IgCl, and IgG2b pfO- 
duction, but had lime effect on IgM (Fig. 
1). At concrwrations of nFN-7 30 to 100 
rimes the amount needed to inhibit IgG3, 
IgGl, and IgG2b c^mplctery, 

suppression 

of both IgM and IgG2a occurred and could 
he explained in large part by the striking 
diminution in viable cell yields at these high 
rIFN-7 concentrations. 
Addition of a hamster monoclonal arm- 
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body to ri*N-7 (10) completely reverted 
both the enhancing and suppressive effects 
of rIFN--y on isotypes of Ig secreted by LPS- 
stimulated B cell*, dearly dcmonsnadng 
that these effects are due to itsdf and 
not to some possible contarrunant in the 
rIFN-7 preparation (Fig, 2). The antibody 
to rIFN-7 had no effect on the concentra- 
tions of secreted isotypes of B cells treated 
with LPS only and by itself did not score in 
the enzyme-linked immunosorbent assay 
(ELISA). 

The effect of rIFN-7 in enhancing lgC2a 
production could be achieved by treatment 
of resting B cells before the addition of LPS. 
Resting B cells incubated for 48 hours in the 
presence or absence of rIfN-7 (20 UAnl) 
were rigorously washed, and equal numbers 
of viable cells were cultured in the presence 

of LPS or LPS and antibody to rIFN-7. 
Cells incubated in rIFN-7 showed a tenfold 
increase in the concentration of secreted 
IgG2a compared to cells incubated in medi- 
um alone (Tabic 1). These cells also showed 
a fhrrr- to fonrfnlri suppression nf TgCiS. 
Cells treated with rIFN-7 showed only a 
modest increase in viable cell yields com- 
pared to the group treated with medium, 
too small an increase to explain the Striking 
increase in IgG2a. Similar results were ob- 
tained in the presence or absence of anti- 
body to rIFN-'Y in the "secondary* cultures, 
indicating that rIFN-'Y was not significantly 
carried over into these cultures after wash- 
ing. We showed earlier that BSF-1 can act 
on resting B cells to prepare them to secrete 
IgGl upon subsequent stimulation with 
LPS (11). Therefore, both IFN-7 and BSF- 
1 can act cm the resting B cell to specifically 
regulate Ig isotypc secretion upon subse- 
quent addition of LPS* 

BSF- 1 can cause a 90 to 95% inhibition in 
the production of IgM, IgG3, IgG2b, and 
IgG2a in response to LPS, with only modest 
diminution in cell yield (7, 12). The capacity 
of rlFN-7 to enhance IgG2a production 
appears to be independent of this inhibitory 
effect of BSF-1, since the relative rIFN-7- 
induced increase in IgG2a concentrations 
and the rIFN-'Y concentration required for 
induction are the same over a range of 
recombinant BSF-1 (rBSF-1) (13) concen- 
trations that progressively inhibit IgC2a se- 
cretion (Fig. 3). 

The inhibitory effects of rIFN-7 on IgE 
and IgGl also appear to be independent of 
the stimulatory actions of rBSF-1 (Fig. 4). 
Thu.% the concentrations of rIFN-7 required 
to inhibit IgE and IgGl arc the same for a 
wide range of rBSF-1 concentrations. In 
particular, IgE concentrations can be mod- 
erately 01 su ikingly enhanced by rBSF-1, at 
600 or 10,000 U/rnfc respectively, and IgGl 
levels show a bimodal stimulatory response 



Log IFN concentration (U/ml) 

to rBSF-1, with peaks at 12S and 10,000 U/ 
ml. The latter effect is highly reproducible in 
detailed concentration-response titration 
and will be reported separately (72). The 
inhibitory ejects of rIFN-'Y are essentially 
the same in each of these groups and cannot 
be explained by diminution of cell yield, 
since IgGl and IgE production arc almost 
completely inhibited by rIFN-7 at 10 U/ml, 
whereas >100 U/ml is required for compa- 
rable inhibition of cell yields (Fig. 1). 

Further support for the indcpcwicnce of 
action of rBSF-1 and rIFN-7 on switching 
to IgGl production is shown by the finding 


Fig. 1* IEN-7 modulates Ig isotypc secretion by 
LPS-activared B cells. Purified resting B cdb were 
obtained by cfoconnnuon* PettoH gradient cen-. 
mhpaoa and were distributed into 96-wdl mi- 
cromcr plates at 1 X 10*ce11&m2OOuJe*cti2nire 
medium [RPMI 1640, 10% fetal bovine scrunu 
1,-gJutamme (2 mAf), 2-meteaptoethaoal (0.05 
mXf), penicillin (SO JAg/mi), and vtxcpttwnvcin - 
(50 figftnl)]. Cefls were men stimulated with LPS; . 
(20 ug/ml) and increasing concentrations of mfc- '; 
rine recombinant IFN-7 prepared in Chinese 
bunstcr owv cdb- Cultww were caxiicd *Oc . 
dayi at 37*<: in a 6% COj atmosphere, after 
which cuhuns supematams were removed for,, 
analysis of Ig isotypes by a solid-phase mnnunoat- 
say (ELl$A) (12) and for determination of viable 
cell yield. The ELISA assay, in which a fluoresce*, 
product was generated by speetfically bound alka; 
fine phosphata«--ccwjugated antibodies "Cringon 
the substrate methyl umbellifcryi phosphate, ipc- ' 
cjtTcalty detected individual Ig isotypes even when 
high conccntrarions of other Ig isotypes were 

present in the Cultur* tuperattlfltt. CllttUtfCJ WCtC 

established in duplicate for each point. Results ace 
reported as the mean Ig isotypc concentration. 
For the data points presented in Figs. 1 to 4, the 
mean relative standard error (± SD) is 0,113 ± 
0.089. 


that rIFN-7 can fully inhibit IgGl produc- 
tion when added after rBSF-1 has been 
removed from culture. In these experiments,, 
B cells were incubated with medium or 
rBSF-1 for 48 hours, washed, and stimulat- 
ed with LPS with or without rlFN-7. Cells 
treated with rBSF-1 produced 6.5 u£ per 
milliliter of IgGl on subsequent stimuktian 
with LPS, a 12-fold enhancement in IgGl 
secretion over those treated in medium only. 
Addition of rlFN-7 and LPS at the same 
time reduced IgGl production to 0.3 ug/mi 
in the group treated with BSF-L The con- . 
centrarions of rIFN-7 used (20 VM) did 
not diminish IgM production, an indication 
that this "late" inhibitory effect ofrIFN-7 on 
IgGl production could not be explained by 
inhibition of cell growth. 


• J: 
••.»: 


"ri- 


ng. 2. Antibody to 
IFN-*y (ann-IFN-7) re- 
verses the effect of IFN- 
-y rm fJfcWtrmilated 
murine B cells. Purified 
resting B cdls were stim- 
ulated with LTS (20jig/ w 

ml) 9J\d recombinant " 

IFN-7 (20 U/ml) m the 
presence of increasing 
coricearrarions of puri- 
fied monoclonal and- 
IFN-r (10). Culture su- 
pematanta were re- 
moved after .6 days for 
measurement of Ig iso- 
typc concentration* by 
ELISA. 
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Rg. 3. 1FN-7 aifowwrment of IgG2a secretion is 
independent of BSF-1 action. Purified retting B 
ccDa were stimulated with LPS (20 pft/txd), 
recombinant BSF-1 at 0, 125, 600, and 10,000 
U/mL, and increasing concenrxanons of recombi- 
nant IFN--y. Ten units of rBSF-1 is approximately 
equal in activity to I U of T cclMlcnvwi BSF-1, 
measured as described by Ohara * d. (13). 
Culture supcrnaxanra were removed after 6 days 
for measurement of IgG 2a concentrarions by 
ELISiV 

Our results indicate that both rIFN-*y and 
rBSF-1 promote the expression of specific 
Ig isotypes while inhibiting the expression 
of other isotypes. Recent studies suggest 
rhrsr reciprocal regulatory effects may also 
operate in vivo. Antibody to BSF-1 blocks 
IgE production by hclnuhth-infccted mice 
(14) and IFN-<y enhances serum IgG2a con- 
centration in mice treated with antibody to 
IgD (IS) . Although the mechanism through 
which IFN-'y exerts its stimulatory effects on 
lgG2a production has not been established, 
it seems likely that it, like BSF-1, acts to 
cause Ig class switching. BSF-1 added prior 
to (13) or together with LPS (7) enhances 
IgGl production by B cells selected for the 
absence of membrane IgG expression. 

The demonstration thai the production of 
IFN-7 and of BSF 1 are largely segregated 
in cloned T cell lines (8) suggests that the 
distinctive Ig isotype regulatory patterns of 


these tymphokines will also be true of the 
cells that secrete them. It has been proposed 
that IFN-^-pruduiuug T ecu* be designated 
T H 1 ceils; these cells also secrete intcrleukin- 
2. Bycorrrrast T cell clones that secrete BSF- 
1 have bcoiika%ijaiedT H 2 cdiai these ccUa 
fail to produce either IFN-7 or interleukin- 
2. 

The dket of IFN-7 on IgG2a production 
is particularly inrercsting in view of the 
capacity of IFN-7 to enhance the expression 
of human Fc receptors analogous to the 

mouse FcRl receptor specific for IgG2a 

(16) . IgG2a antibody is the most effective 
isotype for the induction of macrophage and 
killer cefl aimrxxly^epcndcnt cellular cyto- 
toxicity (ADCC) of tumor cells, whereas 

IgGl has very limited activity in ADCC 

(17) . Funhcnrwrc, the marked superiority 
of IgG2a over IgGl in complement fixation 

(18) irtdiratra the striking biologic differ- 
ence in antibodies of these two isotypes. 
These findings suggest that IFN-7 may be 
important in immune responses in which 
ADCC, conization, and complement-me- 
diated lysis play an important protective 
role. In this regard, it is striking that IgG2a 
is the predominant IgG isotype in antibody 
responses to a scries of DNA and RNA 
viruses, in which opsonization and comple- 
ment-mediated lysis of viruses and destruc- 
tion of virus-infected cells by ADCC may be 
of great importance (19). Indeed, the pro- 
tective effects of antibody in herpes simplex 
virus infections and its immunotherapeutic 
role in Friend leukemia virus-induced dis- 
eases depend on intact Fc portions {20). 

this leads us to propose an evolutionary 
selection for the production of the IgG 
isotype most protective against such infec- 
tions— -namely, IgG2a — through the prefer- 
ential activation of the set of T cells that 
secrete IFN-7 (T H 1 cells)- Although it is 
beyond the scope of this discussion, we wish 
to point out that BSF-1 is important in the 
regulation of IgE production (24), that it 
induces the expression of lg£- binding Fc 
receptors on B cells (21) and enhances the 
growth of mast cells (22). Tlris suggests diat 


Table 1. IFN-7 acts on resting B cells to modulate lg isotype secretion upon subsequent sdmuiariori 
with LPS Small resting B ceils were preiDcubatcd in medium with or without IFN-7 (20 U/ml) for 48 
hours. Cdls were washed three times and stimulated with LPS (20 u£/ml) or LPS and anti-IFN-7 {2 
u,r/ml) for an additional 6 days. Cuhure supernatant* were removed for measurement of isotype 
concenrrarions by ELlSA- Each group consists of three replicates. Values repotted arc mean ig 
coricentranons; relative standard errors varied between 4% and 17%. 
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Fig. 4. IFN-7 inhibition of US-induced secre- 
tion of IgGl and IgE is independent of BSF-I 
action. Purified retting B crO* *«f srirnnbted 
with LPS (20 *igfaiQ, recombinant BSF-1 (6\ 
125, 600, and 10,000 U/ml), and increasing 
enncentradons of FceewiMnant IFN-7- Culrurc 
MU/ctu»U»u» were removed after 6 days for mea- 
surement of IgE and IgGl ccmcentrations by 
FT jsla Ig isotype levels arc expressed as a frac- 
tion of Levels obtained in the absence of IFN-7- 


BSF-l and T H 2 cells may be adapted to 
responses to certain parasitic agent*. Hie 
dcterrnmarion of the relative sensitization of 
T H 1 and Th2 cells in response to viral 
infections and to other immunogeiis will be 
of critical importance in testing this concept. 
If T cell subsets have distinctive response 
panents, the dcicmiiiiauon of the properties 
that cause the activation of cells of these two 
subsets will be of critical importance in 
clarifying die icgulauon of Ig isotype pro- 
duction. 
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THERE ARC TWO OPPOSING TMJBO- 
rics to explain The production of 
genetically variable offspring in ho- 
nxtfpOrOuS pteridophytes. The more con- 
ventional theory proposes that outcrossing 
generates heterozygosity and subsequent 
mciotic segregation leads to variable proge- 
ny (1-4). However, the unique life-cycle 
characteristics of homos porous ptcrido- 
phytns inspirrH KVtowski and Baker (5) to 
fbrmulaiae an alternative theory concerning 
the generic behavior of these plants. The 

hnrrVMpOmiis ptrriHnphytr^ HitTrr fmm nth* 
cr vascular land plants in producing wholly 
independent, potentially x bisexual gameto- 
phytcs. If these gametophytts self-fertilize, 
they give rise to sporophytes that are homo- 
zygous at all generic loci. The potential for 
this reproductive process led to the proposal 
that homosporous pteridophytes are primar- 
ily inbreeding (5). A second distinctive fea- 
ture of homosporous pteridophyrxs is that 
they typically have high chromosome num- 
bers, suggesting that they are highly poly- 
ploid. According to Klckowski and Baker 
(5), such polyploidy could be a genetic 
adaptation required to overcome the ex- 
treme homozygosity imposed by recurrent 
inbreeding. To release variability from these 
homologously homozygous plants; Kle- 
kowski proposed that homoeologous chro- 
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mosomcs (chose from different genomes 
within a polyploid) pair during meiosis (d). 
Such pairing would result in recombinarion 
between different genomes and the subse- 
quent release of generic variability among 
progeny. 

Several approaches, including cycological 
studies (7), segregation of morphological 
markers (8), and segregation of clectroprio- 
retically detectable genetic markprs (9), havr 
been used to detect the results of homoeok> 
gous pairing. However, more recently, Sev- 
eral studies havr questioned the universality 
of Klckowski's hypotheses by demonstrating 
that some homosporous pteridophytes are 
outcrossing (2-4) and genetically diploid 
(10 t 11). These studies, however, did not 
include the species that had been used to 
demonstrate homoeologous pairing. By 
means of dectrophoretic analysis of enzyme 
variability, Chapman cttd. (9) found that in 
bracken fern (Ptmdktm aquttmum) several 
enzymes were expressed as multiple bonds. 
Chapman ct al, (P) interpreted these results 
as evidence that there were duplications in 
the coding genes resulting from polyploidy* 
Furthermore, the variability expressed 
among siblings was attributed to homoeolo- 
gous recombination in the parental genera- 
tions. 

Although these results seemed conclusive 
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at the time, it has been shown that multiple- 
banded isozyme patterns cto nc< always indi- 
cate rjoryploidy. Use of an in appropri ate ; 
grinding buflcr during prepara ti on can lead 
to enzyme breakdown and subsequent ghost 
banding or poor band resolution (12). Mul- 
tiple bands can also result from assaying 
enzymes composed of more than one sub- . 
unir. For erampk, a dirncxk enzyme appears 
as one band in homceygotes but as three 
bands in heterozygoses (13). Also, niaiiy 
diploid plants have been shown to cxprc*s 
several isozymes for certain enzymes, each '* 
isozyme encoded by a separate genetic locus 
within a single genome (74). These ieo ■ 
zymes are active in different comparancnts . 
(for example, chkwplasttc^cytosol) within 
the cell (15). Mulrimeric isozymes and en- 
zyme cc&npartmeiitalization were not dis- 
cussed by Chapman et td. y and the grinding 
buffer they used was a simple one (fl), which 
may have resulted in enzyme breakdown. 
The present study reassesses the inherv . 

tanoe patterns of poiyxnorphk structural 
genes in P. aquHimtm by means of updated 
protocols for horizontal starch gel electxo- 
phnrferift (16). This study also differs from ; 
thar of Chapman***/. (9) in that we directly 
analyzed ganictophytic progeny (represent- 
ing tndtvidual meiotic products), rather than 
examining sporophytes arising from sdf- 
fertilizcd gametophytcs. Thirty-nine single^ 
frond spore samples were collected from 
wild sporophytes across the United States, . 
Merico, and Europe (77). Each spore sam- 
ple was sown separately onto nutrient agar 
medium (18) and cultured under standard 
conditions (19). When gametophytcs were 
3 weeks old, prior to maturation of gam* 
etangia, they were harvested for clcctropho- 
retic analysis. At least ten gamexopbytes 
from each spore sample (giving a total of 
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Electrophoretic Evidence for Genetic Diploidy in the 
Bracken Fern (Ptcridium aquilinum) 

Paul G. Wolf * Christopher H. Hatjfler, Elizabeth Sheffield 

Analysis of isozyme variability dt^monstrates that bracken fern (puridtom aquitinxm) 
has a diploid genetic system and earpresse* solely disomic inheritance patterns. 
Elecnophorerlc data Indicate that geiKticalry variable progeny are produced in naturai 
populations after mtergamctophytk mating rather than by a process involving 
recombiiution between duplicated unlinked loci Although some enzymes arc encoded 
by luo&t lliiiu uuc kjuiat, this lia* n^ultcd iruiu Milwrffular Qjmpartwmralirafiufi 
isozymes, and there is no evidence of extensive gene duplication resulting from 
polyploidy. The concisions reached in this report dtfitr from those whkh propose 

polyploidy «w %xk adaptive mechanism for mairttaiiiziig genetic variability m PtmtUtm 
and other homosporous pteridophytes. 
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